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ABSTRACT
Gestational Undernutrition and the Development of Obesity
in rats
February 1983
Alan Paul Jones, B.S., University of Massachusetts
M.A., Princeton University, Ph.D., University of Massachusetts
Directed by: Professor Mark I. Friedman
Hie effect of early gestational undernutrition on subsequent
adult body weight of rats was examined in three experiments. Preg-
nant rats were food-restricted to 50% of their pre-conception intake
levels during the first two trimesters of pregnancy and were then
returned to ad libitum feeding. Male, but not female offspring of
rats treated in this manner developed delayed-onset hyperphagia and
obesity when maintained on a Purina lab chow diet. When, in the first
two experiments, rats were switched as adults to a more calorically
dense high-fat diet, food intake normalized in males but differences
in rates of body weight gain were accentuated. Carcass lipid content
was elevated in the male offspring of previously undernourished
mothers if these offspring were maintained on the high fat diet. Sim-
ilarly, the epididymal and retroperitoneal fat pads were enlarged in
this group of animals as was the mean size of their component adipo-
cytes. No differences in fat cell number were detected, nor were
differences seen in activity of the adipose tissue enzyme lipoprotein
lipase or in levels of circulating triglycerides. Although maternal
"rebound" hyperphagia during the third trimester of pregnancy con-
tributes to these effects, it is not solely responsible for them.
Potential mechanisms through which these effects might have been
produced, as well as their relevance for human obesity, are discussed.
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CHAPTER I
GENERAL INTRODUCTION
While the spector of starvation has afflicted mankind throughout
the ages it is only in this century that systematic investigation has
begun into the consequences of chronic malnutrition. These investiga-
tions have led to a growing awareness of the particular vulnerability
of developing organisms to morphological deficits following under-
nutrition. In this first chapter I will review the consequences of
early undernutrition on the development of individual organ systems
and on the development of the organism as a whole. I will develop
the hypothesis that the nature of the structural sequelae of early
undernutrition are highly dependent on the precise timing of the
deprivation with respect to underlying cellular events.
Growth in virtually any organ system proceeds from an increase
in either the number of its constituent cells or in the size of
those cells. Moreover organ growth is generally characterized by
three development phases. The first involves a period of rapid cell
division in which daughter cells remain approximately equal in size.
A second phase is typified by a diminishing rate of cell division
with a concomitant increase in the size of individual cells. In
the third phase, organ growth is accomplished strictly by an increase
in the size of individual component cells. These phases are known
as hyperplasia, hyperplasia with concomitant hypertrophy, and hyper-
trophy, respectively (Winick and Noble, 1965). Although several
1
2authors have challenged the view that hyperplasia is strictly limited
to early development (Faust et al., 1978; Sands et al
. ,
1979), it is
still widely accepted that the most severe deficits in a variety of
tissues occur if malnutrition coincides with early hyperplastic growth
(Knittle and Hirsch, 1968; Morgane et al., 1978; Winick and Noble,
1966)
.
During the prenatal period virtually all fetal organs are in the
hyperplastic phase of development and should therefore be maximally
sensitive to nutritional influence. Despite this fact, research in-
to the mechanisms and consequences of prenatal malnutrition has
appeared rather late in the nutrition literature. This apparent lack
of attention seems to stem from a somewhat pervasive view of the
fetus as the "perfect parasite" which extracts its nutrient require-
ments from the mother regardless of her nutritional status (Frazier
and Huggett, 1970). This position is proving untenable in light of a
rapidly expanding body of literature to the contrary. When a preg-
nant animal is faced with nutritional insufficiencies, it is fetal
development which is affected. This fact is particularly well es-
tablished in the rat where restriction of dietary protein at approx-
imately the time of implantation results in resorption of the fetus
(see Zamenhof, 1971 for review). Furthermore it has been demonstrated
that a 50% reduction in dietary intake in rats throughout pregnancy
produces a 10% loss of maternal body weight but a 25% loss in birth
weight. If a 75% reduction in intake is imposed, pregnant rats lose
about 26% of their body weight whereas birth weights are reduced by
3more than 50% (Berg, 1965). Similarly, Lederman and Rosso (1980)
demonstrated that pregnant rats restricted to 50% of their pre-
pregnancy intake have, at parturition, a carcass composition sim-
ilar to that seen in pair-fed non-pregnant rats. Fetal weights,
in contrast, were greatly reduced suggesting the mothers failed
to mobilize available reserves to sustain fetal growth.
Maternal-fetal Nutrient Transfer
The above discussion served to illustrate the point that ade-
quate fetal nutrition is not the simple outcome of successful com-
petition with the mother for available fuel resources. Such re-
sults have led Zamenhof and Van Marthens (1978) to distinguish two
components in fetal undernutrition; maternal undernutrition which
results in a deficiency of specific nutrients for the fetus and
placental insufficiency which results in a deficient delivery of
available nutrients to the fetus.
Studies which have restricted different components of the mat-
ernal diet in an attempt to retard differentially, specific aspects
of fetal growth have been unspectacular. Zamenhof et^ a_l. (1974)
have maintained pregnant rats on diets which were deficient in a
single amino acid, either tryptophan, lysine, or methionine. Each
of these diets produced equivalent decreases in birth weight, cere-
bral weight, cerebral DNA and cerebral protein without affecting
placental weight, DNA content, or protein content. Furthermore
omission of any one of these amino acids produced effects similar
4to that seen following total protein deprivation. Similar effects
were also seen following a restriction of dietary glucose (Zamenhof
aJL.
,
1971)
.
Deficits in somatic development have also been re-
ported following maternal deprivation of vitamins A, D, K, C and E
and of minerals such as calcium, iron, copper and zinc (see Rosso
and Cramoy, 1979, for review).
Problems with assessment of studies which restrict specific
dietary components are numerous. The majority of studies which in-
vestigate these parameters do not measure their effects on placental
transfer capabilities. Even when such observations are made, as was
the case in the Zamenhof studies, it is difficult to assess the ex-
tent to which maternal stores of specific nutrients buffer the fetus.
These studies also do not account for the fact that pregnant rats
seem quite capable of protecting their own fuel reserves at the ex-
pense of fetal development. Such a mechanism must involve a reduction
in the capacity of the fetus to extract nutrients from the mother.
The second component of fetal undernutrition to which Zamenhof
and Van Marthens refer, that of placental insufficiency, seems more
consistent with these data. Work by Rosso supports a role for
placental insufficiency in fetal growth retardation during malnutri-
tion. Pregnant rats were fed diets which contained either 6%
casein or 27% casein throughout gestation. On days 20 and 21 of
gestation, rats were injected with either a isobutyric acid (AIB)
(Rosso, 1977a) or a methyl-D-glucopyranoside (AMG) (Rosso, 1977b)
which are non-metabolizable amino acid and glucose analogs respec-
5tively. Samples of maternal blood and placentas and fetuses were
removed at various time intervals. Rosso reports that maternal
transfer of both AIB and AMG were significantly depressed in under-
nourished mothers. Placental insufficiency may be the result of
either a reduced blood perfusion or of deficits in nutrient trans-
port across the placenta. As with other tissue types, the develop-
ment of the rat placenta occurs in the three phases previously des-
cribed with hyperplasia ending by day 17 of gestation (Winick et al
.
,
1967). Thus the placenta should be particularly vulnerable to early
gestational undernutrition. Murthy et al. (1976) report that the
placentas of women from lower socioeconomic groups (presumably mal-
nourished) are smaller than normal and contain a number of cytological
abnormalities. Dayton et al. (1969) report that placental DNA was
reduced in a similar population of poor women. Rosso et_ aJL. (1976)
have shown that rats fed a low protein diet during pregnancy have
smaller placentas with reduced DNA and protein content at term.
If placental insufficiency is the mechanism by which maternal
animals defend their nutrient stores from parasitism by the fetus
the question becomes how does such insufficiency develop. One
possibility is that the histological aberrations induced in the
placenta by prenatal undernutrition disrupt the placental capacity
to transfer nutrients to the fetus. However, Wynn (1975) reports
that uptake of labeled amino acids by placental tissue from mal-
nourished rats is equivalent to that from well nourished controls.
Another possibility is that malnutrition causes a reduction in
6the rate of blood flow to the placenta. Wigglesworth (1964) demon-
strated that ligation of the uterine artery in rats on day 17 of
gestation results in severe retardation of fetal growth. The degree
of such retardation was directly correlated with the proximity of
the fetus to the point of ligation. In the well nourished human
(Hytten and Paintin, 1963) and rat (Knopp et al
. ,
1975) blood volume
expands by almost 50% over the course of gestation. Such increases
in maternal blood volume facilitate the major expansion of uterine
blood flow in pregnancy and accommodate the growing demand for oxygen
and nutrients by the developing fetus. Recent work by Rosso and
colleagues has shown that prenatal undernutrition severely limits
the amount of blood volume expansion (Rosso and Streeter, 1979).
Reduced maternal plasma volume expansion in turn severely limits the
increases typically seen in uterine blood flow (Rosso and Kava, 1980).
Such findings do not exclude the possibility that fetal growth
may be hindered by restriction of specific nutrients. They do, how-
ever, strongly suggest that the lack of availability of these
nutrients to the fetus is not a function of their absence in the
mother but rather represents a generalized suppression of nutrient
transfer to the fetus in response to maternal undernutrition. In-
deed the similarity of effects seen following restriction of widely
varied nutrients would tend to support this position.
Effects of Prenatal Undernutrition on Cellular Organogenesis -
The Vulnerable Period Hypothesis
As noted earlier, malnutrition seems to impact on organ devel-
7opment by disrupting processes of mytotic division common to most
cell types. One of the underlying tenets of this "vulnerability
hypothesis" is that organ systems have a limited amount of time in
which to accomplish certain fundamental processes of development.
If environmental events, such as malnutrition, delay completion of
these processes beyond a certain point then the deficits incurred
can never be fully recovered. Different cell types vary widely
in the timing and duration of their periods of maximum mitotic ac-
tivity and hence in their periods of maximum susceptability to
nutritional insult. This may in fact explain why gestational under-
nutrition seems to impact heavily on some developing systems while
only lightly affecting others (Widdowson, 1977).
The normal cellular growth patterns for most of the organs of
the rat have been determined. Cell division has ended in brain and
lung by 21 days of age, in liver, spleen and kidney by about 40 days
of age and in heart by about 65 days of age. Malnutrition during
the period of hyperplastic growth results in a reduced number of
cells in all these organs (See Rozovski and Winick, 1979 for review) .
Although these developmental events are well defined in the rat,
caution must be exercised when extrapolating animal data to humans.
Rat pups are born at an immature stage of development relative to
their human counterparts. The birth stage of rats has in fact been
likened to that of the human fetus at the end of the second trimester
of pregnancy (Dodge et_ al_.
,
1975). At birth the rat is blind, deaf,
furless, essentially poikilothermic and unable to urinate or defecate
8spontaneously (Hall et al
.
,
1977). This relative immaturity in the
rat is also evident at the cellular level. Whereas neuronal mul-
tiplication in brain tissue is maximal in humans during the second
trimester it is not evident in rats until the end of the fetal
period (Dobbing, 1968).
Brain
.
Because of its vast implication for human development, the
impact of malnutrition on the brain has been more intensively in-
vestigated than any other organ system. Although the brain is
a highly complex organ its component cells can be broadly par-
titioned into two categories; neurons and glia. In virtually all
mammalian species multiplication of neurons immediately precedes
that of glia. The majority of brain mass is accounted for by
glial cells and neuronal processes which appear after nerve cell
division is complete. Thus the so-called "brain growth spurt,"
which is postnatal in the rat, occurs after neuronal cell number is
already established. In the human literature a second growth spurt
extending from weeks 12 to 18 of gestation has been described. This
second smaller proliferation peak antedates the major growth spurt
associated with support tissue and is itself thought to represent
neuronal multiplication.
The impact of malnutrition on the brain reflects this biphasic
development pattern. Dobbing and Sands (1971) have demonstrated that
postnatal undernutrition in the rat reduces neuronal density only
in those brain areas where neurogenesis occurs postnatally. It has
also been reported that while postnatal undernutrition in rats
9produces a significant decrease in cortical thickness the neuronal
density packing within the cortex is actually increased by 33%. This
finding suggests that undernutrition restricted to the postnatal
period in rats spares neuronal proliferation but impacts heavily on
development of the neuropil. Direct comparisons of the consequences
of pre- and postnatal nutrient restriction have been lacking for a
number of reasons. As previously discussed, gestation has been viewed
by many authors as being a "protected period" in which maternal stores
would buffer nutritional insult. Thus very few studies have been con-
ducted on the consequences for brain development of food restriction
limited to the prenatal period. Even when prenatal/postnatal com-
parisons are made problems of interpretation may arise. For example,
equivalent maternal food restrictions in the prenatal and postnatal
periods are not transmitted equivalently to the fetus and pup. As we
have already observed a 50% reduction in the maternal diet may be trans-
mitted to the pups on a greater than 1:1 basis. Conversely there is
evidence that during lactation, protein availability to the infant is
protected. Thus Mueller and Cox (1946) report that protein content of
rat's milk is unaffected by changes in dietary protein levels ranging
over 5 to 50% of the maternal diet although total milk production de-
creased slightly.
What can be gleaned from the literature on brain development
in the rat is a general picture of long-term cellular deficit
following undernutrition in either the prenatal (Stephen and Chow,
1968; Blackwell et al., 1969; Bush and Leathwood, 1975) or suckling
10
(Smart and Dobbing, 1971; Smart et al
. ,
1973) periods. The nature
of this deficit with respect to specific cellular elements is highly
dependent on the precise timing of undernutrition in relation to
their periods of maximum cellular proliferation. By employing
autoradiography techniques after injecting mothers with 3H thymidine,
cell division can be assessed in various discrete brain regions.
Winick (1971) has demonstrated a differential regional sensitivity
in the brains of day 16 fetuses of protein-restricted mothers. Thus,
while cortex is only mildly affected, the cerebellum and area ad-
jacent to the lateral ventricle are markedly affected.
In terms of the vulnerability hypothesis it could be predicted
that post-weaning (post-growth spurt) nutritional rehabilitation
would be ineffective at ameliorating the consequences of earlier
undernutrition. Indeed, Jones (1976) reports that forebrain and
cerebellar weight are still depressed by 5% and 12% respectively at
310 days of age following pre-weaning undernutrition. It is of in-
terest that further deficits accruing from extending the period of
undernutrition a further nine weeks could be entirely eliminated by
subsequent nutritional rehabilitation. Similar findings have been
reported by Dobbing (1968) who underfed rats from the third to the
eleventh postnatal week then fed them ad libitum until week 19.
No differences between control and experimental animals were found
on any of the brain parameters investigated.
An interesting extrapolation of the vulnerable periods hy-
pothesis has been presented by Towbin (1969). Towbin suggests that
11
all of us, because of the nature of the maternal-fetal nutrient
supply system and the birth process itself, have had some degree of
exposure to suboptimal chances for brain development. Thus Towbin
states: "Gestation and birth, form an inexorable leveling mechan-
ism, with the brain blighted at birth, the potential of mentation
may be reduced from that of a genius to that of a plain child or
less" (Towbin, 1969, p. 160). Such speculation has led to attempts
to induce supranormal brain development by "optimizing" prenatal
nutrition factors. Thus Zamenhof et al
. (1971) have attempted to
mobilize stored maternal nutrients (thereby presumably increasing
delivery to the fetus) by injecting pregnant rats with growth hor-
mone. Treatment of normally nourished female rats resulted in a
significant increase in cerebral weight and cerebral protein content
over that of uninfected controls. Other experimental methods pur-
ported to increase the supply of fuels to the developing fetus in-
clude ligating one of the two uterine horns prior to mating (Van
Marthens et al_.
,
1969) or destroying uterine implantation sites soon
after implantation (Van Marthens et al_.
,
1974) . Both of these
procedures result in significant increases in birth weight, cerebral
weight and cerebral DNA content above that of untreated controls.
In the brain then, periods of early undernutrition which coin-
cide with cellular proliferation appear to produce irreversible
deficits. Deficits from periods of undernutrition not coinciding
with this proliferation can be rapidly eliminated. Furthermore
periods of "supranormal" nutrition which coincide with proliferation
12
result in "supranormal" brain development.
Skeletal muscle
.
As noted above the great preponderance of evi-
dence in the study of early undernutrition on cellular development
has concentrated on the brain. Limited evidence is also avail-
able however, on the role of early nutrition in skeletal muscle
growth. The mass of skeletal muscle, as with any organ, is a
function of the size and number of its component cells. Cell num-
ber is determined by hereditary factors and by the nutritional
and hormonal status of the organism during cellular proliferation.
Studies by Winick and Noble (1966) indicate that rats subjected
to undernutrition from birth tc weaning were unable to recover nor-
mal growth whereas, if food restriction occurred after weaning, they
were able to recover. This inability to recover was associated with
a reduction in the number of nuclei in the gastrocnemius muscle and
with an increase in the ratio of muscle weight per unit of DNA when
compared with animals not subjected to undernutrition. These find-
ings reinforce the concept that early undernutrition has a more
permanent suppressing effect on DNA synthesis than on protein or
RNA synthesis. Howarth (1972) looked at DNA accumulation in
weanling rats placed on diets which ranged in protein content from
0-24%. He notes that DNA accumulation in gastrocnemius muscle was
directly correlated with the protein content of the diet such that
in the 0% protein group no increase in muscle DNA occurred over the
14 day post weaning period. Similar findings have been reported by
Trenkle (1974) on gastrocnemius development following either proteir
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or calorie deficiency in the postweaning period.
A problem with interpreting these latter two studies is that
the period of protein deprivation occurred late in the prolifera-
tion period for muscle cells. Long term assessments of the impact
of the deprivation were not conducted and hence the potential for
rehabilitation is unknown. However these reports do indicate that
early undernutrition impacts at the level of DNA replication in rat
skeletal muscle much the same as it does in brain. Similar findings
have been reported in the human literature. Picou et al. (1974)
have estimated muscle mass using 15N-creatinine to label the endog-
enous creatinine pool and hence to determine its turnover rate.
Eight malnourished and eight recovered children of similar ages
were measured for muscle mass, muscle protein, and muscle DNA. It
was reported that average muscle mass after recovery was almost
twice that found in the malnourished group. However the total num-
ber of nuclei in muscle was not different between the two groups.
Thus it appears from what information is available that, similar to
its effects on neural tissue, early undernutrition severely limits
the capacity of muscle tissue to engage in cell division.
Adipose tissue. The most consistent finding of many histological
studies on developing white adipose tissue (WAT) is that immature,
developing adipocytes are present as cords of tightly clustered
cells of various sizes. In the rat at birth, it is usually im-
possible to detect any adipose tissue with the naked eye. This
probably reflects the fact that fat content of a newborn rat varies
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between 1-2% of body weight. The first WAT appears in the gluteal
region 1-2 days after birth and subsequent appearances are made in
the epididynial,paramet rial, and retroperitoneal pads throughout the
suckling period. Much of the early work on the development of adi-
pose tissue cellularity supported the view that growth in this or-
gan followed the classic triphasic development pattern seen in other
tissues. Studies of H Thymidine incorporation established that an
early period of adipocyte proliferation occurred which ended by the
5th postnatal week (Greenwood and Hirsch, 1974). Following this
early period of hyperplasia it was thought that further increases
in fat pad weight were the sole result of increases in the size of
individual adipocytes (cellular hypertrophy) (Simon, 1965). Data
from studies on early experimental over- and undernutrition tended
to confirm this development pattern and to extend the "vulnerable
periods" hypothesis to this tissue. The most widely cited of these
studies was that by Knittle and Hirsch (1968), who adjusted litter
sizes at birth to either A or 22 pups per lactating dam. The im-
pact of this procedure was still evident at 140 days of age as
adipocyte number in pups raised in large litters was reduced to A3%
of control levels. Tulp and his colleagues (Tulp et al., 1979;
Tulp ejt a_l.
,
1980) have demonstrated long- term deficits in adipocyte
number following prenatal or postnatal exposure to a low protein
diet. In these studies, rats whose exposure to dietary restriction
was limited to the prenatal period still showed deficits in fat cell
number by 120 days of age. Deficits resulting from prenatal res-
15
triction however were not as severe as those in rats restricted
throughout the suckling period. These data support a view of the
suckling period in rats as one of active/vulnerable adipocyte
proliferation
.
Adipose tissue appears in the human fetus late in gestation (at
about 30 weeks), and its period of most rapid growth, as judged by
increases in skin fold thickness, continues during the first 9 to 12
months after birth. Brook (1972) looked at populations of children
who were either obese at birth, developed obesity after the first
postnatal year, were of normal birthweights
, or were "light-for-
dates". Although no differences appeared in total body fat between
the two obese groups, fat cell number was elevated only in the
group which had been obese at birth. Increases in fat cell size
alone accounted for the increased adiposity in the delayed onset
group. Similarly Salans (1973) found that obese patients who had
become overweight in adulthood did so almost exclusively by increases
in adipocyte size. Experimental models of animal obesity suggested
that the increased adiposity seen in the epididymal pads of adult
rats following electrolytic lesions of the ventromedial hypothala-
mus was a function of increased cell size (Hirsch and Han, 1969).
More recently Simson et_ aJL. (1982) have shown that the obesity
associated with placing animals on a highly palatable "supermarket"
diet (SMD) only affects adipocyte number when introduced to wean-
ling rats. Adult rats placed on the SMD accommodate the increases
in carcass lipid by increasing the mean cell size of adipocytes.
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All of the above data provided a view of adipocyte develop-
ment that was consistent with the vulnerable periods hypothesis.
Recent studies, however, are challenging the view that adipocyte
number is fixed in the adult rat. For example, Faust et al
. (1978)
observed marked increases in adipose cell number of adult rats
maintained on high fat or high sucrose diets. Stern et al.(1981)
demonstrated increased cellularity in a number of fat pads follow-
ing VMH lesions in adult rats. Klyde and Hirsch (1979) have noted
increased H thymidine incorporation into DNA of adipocytes
occurred in adult rats after only 2 days on a high-fat diet. Lip-
ectomy results in cellular regeneration in adult rats (Faust et
al^.
,
1977) and in some genetic models of obesity, adipocyte prolif-
eration continues into adulthood (Johnson and Hirsch, 1972).
Nevertheless, the relative decreases in adipocyte number seen
following early undernutrition tend to be maintained even in the
face of subsequent exposure to a high-fat diet (Faust et al.
,
1980). The hyperplasic response to high-fat feeding then, appears
to be a function of the number of fat cells present in the rat
when the diet is introduced. Adipocyte number, in turn, is in-
fluenced by early nutritional factors. Thus although the "one
chance only" maxim of the vulnerable period hypothesis would appear
to be severely challenged by the above data the concept of per-
manent decrements in cell number induced by early undernutrition
is still intact.
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The Role of Metabolic Intermediates in Nutritionally
Induced Hypocellularity
Until recently it was believed that early undernutrition im-
pacted on the developing organism in a very linear fashion. De-
creased nutrient availability to the mother was viewed as resulting
in decreased nutrient availability to the pup which, in turn, lowered
levels of substrate available for cellular development. It is be-
coming increasingly apparent however, that rates of hormone produc-
tion and secretion impact heavily on cellular development as well.
Glucose is the primary fuel source for the developing fetus. As
a result, hepatic glycogen stores build rapidly from the middle of
gestation until term in the rat and man. These glucose reserves become
a vital source of fuel in the fasting period between the cessation of
maternal glucose supply at birth and the onset of oral consumption in
the suckling period (see Hahn, 1979 for review). Glycogen levels in
adult animals are typically thought to be controlled by two enzymes;
glycogen synthetase, which synthesizes glycogen from glucose, and
other gluconeogenic precursors, and glycogen phosphorylase which breaks
down glycogen to glucose. In the fetal rat, however, activity of
the phosphorylase is very low and even in the face of a prolonged
maternal fast glycogen levels in the fetus do not fall although
further accumulation is curtailed (Girard and Marliss, 1975). Pines
et . al . (1976) had suggested that blood glucose concentrations direc-
tly control activity of the enzyme glycogen synthetase. Indeed
glucose injections into either the peritoneal cavity of pregnant
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rats or into the uterine vein caused rapid increases in activity of
synthetase. In the prenatal rat, however, insulin, which is secre-
ted by 6 cells in the endocrine pancreas, has been found to be sen-
sitive to, and covary with, plasma glucose levels. Insulin levels
are low during periods of caloric restriction (Girard and Marliss,
1975) and high during periods of relative caloric excess (Kervran
et al., 1978; Aerts and Van Asschi, 1977). Therefore, it is pos-
sible that insulin rather than glucose per se results in activation
of glycogen synthetase. Support for this position comes from
studies by Sparks et al. (1976)
. When fetal monkey liver was per-
fused with a wide range of glucose concentrations, no effect on
glycogen synthetase activity was noted. However, if insulin was
added to the perfusion medium synthetase activity increased dramat-
ically. These findings probably explain why high glucose concen-
trations alone have not led to glycogen accumulation in fetal mon-
key (Glinsman et al.
,
1975) or fetal rat (Eisen et al.
,
1973) liver
explants. We should note here that glucocorticoids from the adrenal
cortex and the anterior pituitary hormone, somatotropin, also
appear to be involved in synthetase induction (see Wicks, 1974 for
review)
.
It thus appears that one area where hormones can impact
on early development is at the level of enzyme induction. Insulin
may also be involved in the induction of glucokinase activity at
the onset of the weanling period (Partridge et a_l.
,
1975) .
As noted earlier malnutrition seems to impact most heavily on
processes of cell division. Given the role of metabolic hormones
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in the control of early energy metabolism it is not surprising
that control of energy-dependent processes such as cell division
would be affected by the early hormonal environment.
In reviewing the consequences of early undernutrition on the
development of skeletal muscle Trenkle (1974) noted that many of
the changes in muscle are similar to those taking place after hypo-
physectomy or induction of diabetes. For example feeding a 3%
casein diet to weanling rats was sufficient to maintain muscle
weight, protein content and DNA levels, however RNA levels were
lowered. Similarly hypophysectomized rats maintained muscle mass,
muscle protein, and DNA, but not RNA (note that this deprivation is
late in the period of cellular hyperplasia, perhaps explaining its
lack of affect on DNA, but illustrates the similarities in under-
nutrition-induced and hypophysectomy-induced muscular pathogenesis
(Trenkle, 1974)). A similar situation seems to exist in adipose
tissue. Hollenberg and Vost (1968) report that in both hypo-
physectomized-f ed and intact-underfed rats, formation of primordial
adipocytes was retarded when compared with intact fed rats.
Marked inhibition of stromal DNA synthesis was seen in both the
hypophysectomized and underfed rats. Using an in vitro system,
Murakawa and Raben (1968) found that treatment of either hypophy-
sectomized and fasted rats with growth hormone greatly increased
in vitro incorporation of H thymidine in costal cartilage and
epididymal adipose tissue.
Insulin treatment appears to have an effect similar to that of
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growth hormone, increasing DNA synthesis in stromal elements other
than primordial adipocytes. Conversely insulin deficiency has been
shown to inhibit H thymidine incorporation into new stromal elem-
ents and adipocytes (Vost and Hollenberg, 1970).
That the early nutritional status and correspondant metabolic
profile of the young developing animal may have long term impli-
cations for its subsequent metabolic regulation has been suggested
by Chow and Lee (1964). These authors reported that prenatal or
early postnatal undernutrition results in severe growth stunting
of offspring. Thus stunting could be completely reversed if
the offspring were treated with a pituitary extract or growth hor-
mone upon weaning but not at 3 months of age. Similarly, whereas
Trenkle (1974) has shown that in adult rats insulin and growth
hormone were restored to normal levels when animals were adequately
refed following 3 weeks of feeding on a protein free diet, this
appears not to be the case in younger animals. When a diet similar
to Trenkle' s is fed to rats prior to weaning they are never able to
restore plasma and pituitary growth hormone levels to normal
(Adeyanju, 1971). Thus, the unique vulnerability of young (pre-
weaning) animals to permanent alteration by undernutrition which was
described earlier at the cellular level appears to have metabolic
sequelae as well. Hahn (1979b) concludes that early dietary factors
such as undernutrition may "fix"' the response of metabolic hormones
such as insulin and growth hormone in a certain way which would not
occur during normal weaning. It may well be however, that metabolic
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factors associated with the early nutritional status "fix" their
own subsequent pattern of responding. The "organizational" action
of early hormone levels has been elegantly demonstrated in the es-
tablishment of a tonic pattern of gonadotropin release following
early androgen exposure (see Goy and McEwen, 1980). Dorner (1974)
has proposed that metabolic hormones may similarly "organize" endo-
crine response patterns. While at this time there are simply not
enough data to support such a proposal several interesting findings
have come to light. For example rat pups treated with insulin
during the early postnatal period subsequently develop obesity in
juvenile and adult life. Although Darner proposes that such or-
ganization takes place in the neonatal hypothalamus, it could as
easily occur at the level of the endocrine gland itself. As an ex-
ample of this type of organization McEvoy (1981) has recently shown
that g cells in explants of fetal pancreas hypertrophy in the pres-
ence of exogenous insulin thus the subsequent responsiveness of the
pancreas may be altered by early levels of its own circulating
hormone
.
Effects of Early Undernutrition on the Development of Behavior
Early undernutrition and the control of feeding behavior . Early work
by Kennedy (1957) demonstrated that nutrient intake during the suck-
ling periods in rats not only affected subsequent body weight
but also produced permanent behavioral alterations. Levels of
food intake appear to be lower throughout life if pups are
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inadequately nourished prior to weaning. Work by Widdowson (1977)
and Oscai (Oscai and McGarr, 1978; Oscai, 1982) have confirmed
these findings and have attempted to explain them with reference to
Dorner's organizational hypothesis. According to this theory the
level of food intake during a critical prenatal period permanently
organizes hypothalamic feeding systems. Thus low suckling food in-
take is viewed as permanently organizing the animal for low adult
food intake which in turn establishes the body weight deficits
typically seen in these animals. A more parsimonious explanation
might be that early undernutrition permanently lowers body weight
and tissue cellularity thereby reducing metabolic fuel requirements.
Decreased food intake then could be seen as a simple reflection of
decreased energy demand or storage (see Friedman and Strieker, 1976).
Alterations in maternal-infant interactions
. It has been suggested
that many of the behavioral deficits associated with early under-
nutrition may be a result of the animal being functionally ex-
cluded from specific aspects of its environment during those per-
iods of restriction. Such exclusion could result either from
physiological alterations in perceptual mechanisms or through the
development of alternative behavior patterns (presumably food
oriented) which are incompatible with incorporation of environmental
information (Levitsky and Barnes, 1972). In addition to directly
affecting the behavioral capabilities of pups, early undernutrition
»
and the experimental methods for producing it may , signif icantly
alter the way dams interact with their pups thereby producing
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further behavioral consequences. In contrasting several methods
for inducing peri-natal undernutrition in rats, Crnic (1980) has
shown that when pups were malnourished either by increasing the
number of pups in a litter or by limiting access time to the dam,
maternal behaviors which functionally minimized the deprivation
tended to emerge. By the end of the suckling period, dams in the
restricted groups were spending more time in the nest thereby func-
tionally increasing nutrient availability to the pups. Similar
changes in maternal behavior have been reported by Massaro, Levitsky
and Barnes (1977) following gestational exposure to a low protein
diet. It thus appears that early undernutrition does not induce
structural and physiological deficits directly. Experimental dep-
rivation procedures may produce behavioral sequelae in pups or in
maternal-pup interactions which themselves attentuate or exacerbate
the deficits.
Per spectives on body weight. Considering the long term deficits
that early undernutrition produces in the morphological, physiolo-
gical, and behavioral parameters, noted above it is not surprising
that these deficits are reflected in generalized decreases in adult
body weight. Indeed, numerous studies have reported long term body
weight deficits following prenatal undernutrition (Widdowson and
McCance, 1963; Chow and Lee, 1974; Stephan and Chow, 1968; Blackwell
et al., 1969; Bush and Leathwood, 1975). From this vantage point,
it is relatively easy to view early development (that period ex-
tending from conception through weaning) as a unitary process with
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respect to the deficits incurred from undernutrition. Indeed, this view
is encouraged by the methodological considerations of many investigators.
In an attempt to create animal models for the chronic protein/calorie
deficiencies seen in human conditions such as marasmus and kwashikor,
many researchers restrict intake of their animals from preconception
through weaning. Comparisons can then only be made with animals res-
tricted after weaning.
Less frequent comparisons have' been made between animals whose
mothers were restricted throughout gestation versus animals whose
mothers were restricted during the suckling period. Part of the reason
for this relative lack of attention is, as we have noted, that gesta-
tion was viewed as a "protected period" in which the impact of nutrition-
al insult would be minimized by maternal nutrient stores. A consider-
able amount of theoretical discussion has addressed the issue of the
timing of deprivation with respect to "growth spurts" in different cell
populations. Although there is a general concensus that this timing is
critical with respect to its impact on any given system, and thus on the
organism as a whole, there have been few attempts to differentially af-
fect these populations with more discrete periods of nutrient restriction,
Several recent studies in humans and laboratory rats have sug-
gested that a more discrete analysis of the effects of gestational
undernutrition might produce results which could not have otherwise
been predicted. The first study was an epidemiological analysis of
an acute famine period which occurred in the Netherlands at the
end of the second world war. Ravelli, Stein, and Susser (1976)
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analyzed the body weight data of 19 year old Dutch army draftees
whose mothers were exposed to the "Hungerwinter" of 1944-45, an
acute famine period which occurred in the Netherlands at the end of
World War II. A unique aspect of this study was that data were an-
alyzed as a function of which trimesters of pregnancy were most
heavily impacted by the famine. Results from this study suggested
that women who were exposed maximally to the famine during the
first two trimesters of pregnancy, and who then received adequate
nutrition during the third trimester bore children of normal birth-
weight. However, nineteen years later these same children were found
to have a significantly higher incidence of obesity than the children
of mothers who were well-nourished throughout this period.
In laboratory rats Hseuh et al. (1974) demonstrated that the
lowered birth weights associated with full term gestational under-
nutrition could be completely eliminated by adequate refeeding be-
ginning at the third trimester. This finding is consistent with
Ravelli's birth weight data, however longitudinal studies were not con-
ducted on these animals so data are unavailable concerning the long-
term consequences of this limited undernutrition.
The purpose of this dissertation has been to construct, under
controlled laboratory conditions, an animal model for the findings
reported by Ravelli et_ al_. (1976). Within this model we then in-
vestigated the dietary conditions necessary to produce this effect
as well as the morphological, metabolic and behavioral abnormalities
which characterize it. The goal of this research has been to provide
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insight into the nature of organizing events occurring in the prenatal
period and the way in which these impact on the developing organism.
CHAPTER II
EFFECTS OF GESTATIONAL UNDERNUTRITION ON FOOD INTAKE AND
BODY WEIGHT REGULATION AND ADIPOCYTE DEVELOPMENT
Experiment 1
The findings of Ravelli et al. (1976) and Hseuh et al. (1974)
tend to contradict a number of human and animal studies showing that
undernutrition throughout gestation leads to permanently lowered
body weight and adiposity in offspring. In this first study we have
examined under controlled conditions, the long term effects of un-
dernutrition limited to early pregnancy in laboratory animals. In
addition to following rates of body weight gain in these animals
we also monitored behavioral parameters such as food intake, and
general activity levels which might contribute to the development
of obesity.
In a number of animal models of obesity, dietary factors play
a key role. Thus, for example, in rats with electrolytic lesion of
the ventromedial hypothalamus or in rats with hypothalamic knife
cuts, the addition of a high fat diet accentuates body weight ef-
fects (Kramer and Gold, 1980). In the present study, rats were
switched midway through the experiment to a high fat diet to deter-
mine whether a similar accentuation occurs in these animals. Meta-
bolic efficiencies were monitored on both diets. At the end of this
experiment adiposity measures, fat pad weight, and mean fat cell
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size, were taken to determine the extent and manner in which adipose
tissue development contributes to this obesity.
Methods
Aaaiiaals.. Sixteen female Sprague-Dawley rats (Charles River
Breeding Laboratories) were housed individually and given ad libitum
access to powdered Purina lab chow. Daily food intake and body
weight measurements were recorded for a period of two weeks. Pairs
of females were then transferred to breeding cages, each of which
contained two male Sprague-Dawley rats. Vaginal smears were taken
daily to determine the first day of pregnancy (presence of sperm).
Following impregnation, females were transferred to plastic mater-
nity cages and alternately assigned to experimental and control
conditions. Rats in the experimental condition were immediately
food restricted to 50% of their prepregnancy intake and remained
restricted until day 14 of gestation at which time they were returned
to ad libitum feeding. Rats in the control condition were fed ad
libitum throughout the gestational and suckling periods. Offspring
of rats in the deprived condition will subsequently be referred to
as "experimental" rats. Offspring of rats in the non-deprived con-
dition will be referred to as "controls". Litters which met the
acceptance criterion of birth within two days of the expected del-
ivery date (22 days after the detection of sperm) were culled at
birth to three males and three females each. Pups were weaned on
day 21 and the males and females of each litter were separated.
Body weight and food intake measurements were taken every fifth
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days following separation. Rats were maintained on powdered Purina
lab chow from day 21 to day 111 at which time a high fat diet,
consisting of 2 parts Purina rat chow and one part Crisco, was sub-
stituted. Rats were maintained on this new diet until the end of
this experiment (day 200)
.
Activity
.
At 12:00 noon, on days 59 and 102 of age, rats were
placed in a tilt cage apparatus which was built by the experimenter
and activity levels were monitors for a 24 hour period. Five 16" X
10" X 7" hanging wire cages were centered over a 1" steel pipe. U-
shaped bolts were then placed around the pipe and were attached to
the bottom of the cages. This attachment allowed the cages to pivot
freely up and down along an arc perpendicular to the steel pipe but
eliminated lateral movement. Cages were then balanced with counter-
weights and suspended over switches. Movement of the animal from
one side of the cage to the other caused the cage either to fall on
(and close) or be lifted off (and open) the switch. This switch,
in turn, was wired to a series of counters which recorded consecutive
6-hour crossings.
Ad ipose t issue measurements. At 200 days of age animals were
anesthetized with ether, laid flat on their dorsal side, and naso-
anal length was determined with outside calipers. Rats were then
sacrificed by decapitation, and the retroperitoneal, epididymal, and
parametrial fat pads were rapidly dissected. Adipose tissue cell-
ularity was analyzed according to a modification of the photomicro-
graphic method of Lavau et al . (1977). Fat cells were suspended
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in 6 ml of a Krebs-Ringer phosphate (KRP) solution containing 10 mg
collagenase (Type 2, Sigma) and incubated for 1 hour at 37°C
(Rodbell, 1964). They were then filtered through a 250 urn nylon
mesh and rinsed twice with KRP. A 50 yl sample of the fat cell
layer was placed on a slide and photomicrographed through an American
Optical Microstar microscope fitted with a yellow filtered light
source. Negative images were projected onto a translucent grid and
adipocyte diameters were manually digitized with a sonic digiting
apparatus (Graf /pen) which was interfaced with a Data General Nova 3
computer (Clarkson et al
. ,
1980). At least 200 cells were digitized
per pad and mean cell diameter and variance were calculated by the
computer
.
Statistics
.
Body weight and food intake data were analyzed
using BMPD program P2V for analysis of variance (ANOVA) with repeated
measures (Dixon and Brown, 1979). Increases in body weight follow-
ing the switch to a high fat diet were calculated as the change in
body weight during the 30 day period following the switch minus the
change in body weight during the 30 day period immediately prior to
the switch and were analyzed with a one-way ANOVA. Increases in
caloric intake following the switch to a high fat diet were calcu-
lated as total caloric intake during the 30 day period following
the switch minus total caloric intake during the 30 day period
immediately prior to the switch and were similarly analyzed with a
one-way ANOVA. Comparisons across treatment groups for naso-anal
length, activity, fat pad weight, and fat cell size measures were
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made with one-way ANOVAs
.
Litter means were used as units of anal-
ysis for each measure to provide an accurate estimate of population
variance (Becker and Kowall, 1977). Treatment effects were con-
sidered significant when p < .05.
Results
.
Body weight. Mothers in the restricted and unrestricted con-
ditions gave birth to similar numbers of young. As shown in Figure
1, body weight of offspring did not differ between groups at birth
or at weaning. However, in the immediate post-weaning period, ex-
perimental males began gaining weight at significantly greater rates
(Treatment X Days, p_ < .002) than did controls. In contrast, weight
gain in experimental females did not differ significantly from that
of controls producing a significant Sex X Days X Treatment interac-
tion (p < .001). When, at ill days of age, rats were switched to
the high fat diet, experimental males increased their rates of
weight gain significantly more than did control males (p_ < .025)
(see Table 3) . Differential increases in body weight as a function
of diet were not seen however, in female offspring.
Food/caloric intake . Food intake data on the chow diet paralle
those of body weight gain (Figure 2) . Experimental male animals con
sumed significantly more food (Treatment X Days, p < .001) than con-
trol males. Experimental females ate approximately the same amount
of food as did control females, again creating a significant Sex X
Days X Treatment interaction (p < .003). In contrast to body weight
effects, however, when male animals were placed on the high-fat
32
Fig. 1. Mean body weight curves of rats born to mothers
given unlimited food throughout pregnancy (Cont.) or under-
fed during the first two weeks (Exptl.).
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TABLE 1
Study I
BODY WEIGHT - OVERALL ANOVA (POWDER)
Source df F p
Treatment 1/20 4.18 n o
Treat X Sex 1/20 10.27
.005
Days 11/220 1790.55
.001
Sex X Days 11/220 173.50 .001
Treat X Days 11/220 3.01 .001
Sex X Dave: Y Trpat- it / ion11/ z/U 5
. 33 .001
Males
Treatment 1/9 12.07 .005
Treat X Days 11/99 5.48 .001
Females
Treatment 1/11 0.78 NS
Treat X Days 11/121 0.98 NS
3 A
—I 1 1 1 1 I I I I I 1 1 I I I
2D 40 60 80 100 120 140 160
AGE (days.)
Fig. 2. Mean daily food intake of rats born to mothers
given unlimited food throughout pregnancy (Cont.) or under-
fed during the first two weeks (Exptl.).
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TABLE 2
Study I
FOOD INTAKE - OVERALL ANOVA (POWDER)
Source df F p
Treatment 1/20 2 V\ IN D
Sex X Treat 1/20 1.02 NS
Days 8/160 57.87 .001
Sex X Days 8/160 3.10 00 3
Treat X Days 8/160 3.48 .001
jca a ireac a Days 6/ 160 3.10 .003
Males
Treatment 1/9 A.
6
NS
Treat X Days 8/72 6.4 .001
Females
Treatment 1/11 0.10 NS
Treat X Days 8/88 1.17 NS
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diet, caloric intakes did not increase more in the experimental male
group than in the control male group, in fact intakes of control
males approach those of experimental males (Figure 3). Female rats
in both groups altered caloric intakes equivalently in response to
the increased caloric density of the diet. In experimental males,
the increased weight gain on the high fat diet relative to controls,
in the face of comparable caloric intakes, resulted in a significantly
greater increase in metabolic efficiencies (Kcal consumed/body weight
gain (grams)) in the former group than in the latter (p_ < .05). No
differences were observed in females.
Activity
. No differences in tilt-cage activity were observed be-
tween offspring of restricted and unrestricted mothers at either 59 or
102 days of age (Figure 4, Table 4).
Fat pad weight
.
Epididymal and retroperitoneal fat pads from ex-
perimental male rats showed respectively, two-fold and three-fold in-
creases in weight relative to control pads. These increases were highly
significant (p_ < .005) in both pads (Figure 5). Although retroperit-
oneal and parametrial fat pads from female experimental rats tended
to be heavier than those from female controls this difference was not
statistically reliable (Table 5).
Fat cell size . Adipocytes from the epididymal and retroperiton-
eal fat pads of experimental male rats were found to be significantly
larger (p_ < .01 and p_ < .025 respectively) than those of their control
group counterparts. In females, experimental animals also had larger
cells in the parametrial pad (p < .001) but not in the retroperitoneal
38
Fig. 3. Mean caloric intake of rats born to mothers given
unlimited food throughout pregnancy (Cont
.
) or underfed during
the first two weeks (Exptl.).
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59 Days
Day
Male
Female
Night
Male
Female
102 Days
Day
Male
Female
Night
Male
Female
df
1/5
1/5
1/5 0.14
1/5 0.23
1/5 1.13
1/4 1.44
1/5 0.31
1/4 2.26
TABLE 4
Study I
ACTIVITY
01 NS
02 NS
NS
NS
NS
NS
NS
NS
Naso-Anal Length (Day 200)
Male 1/9 .02 NS
Female 1/11 1.36 NS
X cage crosses
Ex£. Cont
73 ± 5
145 ± 50
157 ± 18
296 ± 93
109 ± 13
201 ± 4
162 ± 25
321 ± 30
69 ± 15
154 ± 44
144 ± 41
316 ± 83
144 ± 44
177 ± 25
199.3 ± 9
209.5 ± 85
X NAL
26.2 ± .28 26.3 ± .35
21.7 ± .24 22.0 ± .13
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Fig. 5. Mean epididymal, parametrial, and retro-peritoneal pad weights in rats born to mothers that were
underfed during the first two weeks of pregnancy (Exptl )or allowed to eat freely throughout pregnancy (Cont.)
( p < .005)
.
TABLE 5
Study I
ADIPOSITY
Fat Pad Weight
Male
Epi
Retro
Female
Para
Retro
Fat Cell Size
Male
Epi
Retro
Female
Para
Retro
df F p
1/8 21.3 .01
1/8 21.4 .01
1/9 2.23 NS
1/9 1.72 NS
1/8 13.47 .01
1/8 5.8 .025
1/9 35.9 .001
1/8 .10 NS
con-
men
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pad (Figure 6).
discussion. It is apparent from the results described above that the
effects reported in the epidemiological study of Ravelli et al. (1979)
can indeed be reproduced in laboratory animals under controlled
ditions. Ravelli observed a higher incidence of obesity in young
whose mothers had been subjected to food restriction in the first two
trimesters of pregnancy. Similarly we have found that male rats born
to mothers that were undernourished in the first two trimesters of
gestation gain more weight than those born to mothers given ample food
throughout pregnancy. In addition, this study has shown that excessive
weight gain does not appear in males until after weaning and that it
is associated with heavier fat pads, and adipocyte hypertrophy. The
results also suggest that the composition of the postnatal diet may
influence the degree of obesity in adulthood.
Because Ravelli et al. surveyed only male inductees, it is not
known what impact early gestational undernutrition had on the incidence
of obesity in women born to mothers who experienced the Dutch Hunger-
winter. A more recent epidemiological investigation however, may
provide some insight. In the "Bogata" study (Mora et al., 1979)
groups of pregnant, malnourished women received nutritional rehab-
ilitation starting in the seventh prenatal month. Male offspring born
to these women showed no deficits in birth weight as compared to off-
spring of well nourished women. Female offspring, in contrast, were
born relatively underweight. Although adult data on these offspring
are not yet available, the existence, at birth, of sex differences
45
Control
Experimental
Fig. 6. Mean fat cell diameters in microns in rats
born to mothers that were underfed during the first two
weeks of pregnancy (Exptl.) or allowed to eat freely
throughout pregnancy (Cont.). (*p < .025; **p < .01;
***p < .001)
.
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in recovery potential following third trimester nutritional rehabil-
itation suggests that the sex differences in body weight seen in
adult rats in Experiment 1 may also appear in humans.
The fact that no differences were observed in activity level
(cage crossings) between experimental and control offspring of either
sex suggests that changes in energy expenditure associated with loco-
motor activity do not account for the observed differences in body
weight and adiposity.
As noted earlier, a number of studies have shown that offspring
of mothers that were underfed throughout pregnancy, and in some cases
lactation as well, have permanently reduced body weights. Typically
early dietary factors have been found to affect adipocyte number rather
than cell size (Faust, Johnson and Hirsch, 1980), and several authors
have speculated that obesity in offspring of the victims of the Dutch
Hungerwinter might have resulted from adipose tissue hyperplasia
(RaveHi et al., 1976; Kirtland and Gurr, 1979). Results from the
present study, however, indicate that this increased adiposity is pri-
marily associated with an increase in cell size.
Findings from the first experiment thus stand in contrast to the
results of previous animal studies of longer term undernutrition and
suggest that the consequences of maternal undernutrition on the weight
of offspring are dependent on the timing and duration of the nutrition-
al experience and on the sex of the offspring.
CHAPTER III
EFFECTS OF GESTATIONAL UNDERNUTRITION AND SUBSEOUENT
PAIR-REFEEDING ON THE DEVELOPMENT OF HYPERPHAGIA
OBESITY, AND ADIPOCYTE HYPERTROPHY
Experiment II
The first study in this dissertation demonstrated that an animal
model of the Dutch Hungerwinter can be developed in standard laboratory
rats and also characterized behavioral and morphological abnormalities
associated with this condition. In the first study however, adipose
tissue measurements were not taken until the end of the experiment.
As a result, the temporal sequence of onsets in adipocyte hypertrophy,
frank obesity, and hyperphagia were unclear. This is a particularly
important issue in determining whether increased food intake estab-
lishes excess adiposity or, conversely, an increased sequestration of
metabolic fuels by adipose tissue results in increased food intake
(Friedman and Strieker, 1976). Therefore in the second experiment, we
measured adipose tissue development (pad weight and cell diameter) at
weaning (24 days of age) in addition to taking adult measurements.
A further goal of this second study was to determine the rela-
ative contributions of food deprivation during the first two trimes-
ters, and "rebound" hyperphagia in the third trimester, in the
etiology of behavioral/morphological sequelae. This second study,
therefore, included a group of animals which were food deprived
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during the first two trimesters (similar to the experimental group
in Experiment 1) but which was then pair-fed to control animals
rather than being allowed to refeed, ad libitum
.
The adipose tissue enzyme lipoprotein lipase (LPL) which is
synthesized in adipocytes and then transferred to endothelial cells
in the surrounding capillary network, hydrolyzes circulating chylo-
microns (triglycerides) to fatty acids and glycerol (Robinson, 1970).
Since this is a necessary first step in the uptake of lipids into
adipocytes, activity of this enzyme might be a factor in the develop-
ment of obesity. Increased activity of this enzyme well before the
onset of frank obesity has served as a reliable indicator of the homo-
zygous recessive fa/fa genotype in the fatty Zucker rat (Boulange et
al
.
,
1979). Onset of littermates in this second study was assayed
for LPL activity at 24 days of age and another set was assayed at the
end of the experiment.
One further point investigated by this study is the degree to
which increases in adiposity seen in isolated fat pads reflect a gen-
eral increase in carcass lipid content. To address this issue a
carcass analysis of body lipid, protein, water and ash was performed
in these animals.
Methods
.
Subjects and procedures
. Thirtv-six Sprague-Dawley rats (Charles
River) were individually housed and given ad_ libitum access to pow-
dered Purina lab chow. Daily food intake and body weight measurements
were made for a period of two weeks. Females were then mated and the
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first day of pregnancy determined by examination of vaginal smears.
Following impregnation, females were transferred to plastic maternity
cages and alternately assigned to one of three exerpimental con-
ditions. Rats in the first group were food restricted to 50% of
their prepregnancy intake during the first two trimesters of preg-
nancy after which they were returned to ad libitum feeding. Rats in
the second group were similarly restricted during the first two tri-
mesters, but beginning on day 14 of gestation they were pair-fed to
control animals until weaning (day 24). Control rats were given ad
libitum access to food throughout pregnancy and lactation. Offspring
of mothers in these three treatment groups will subsequently be re-
ferred to as EA, EP and C respectively.
Litters meeting the acceptance criterion of birth within one day
of the expected delivery date were culled at birth to two males and
two females each. On day 24 after birth two male and two female an-
imals from each litter were sacrificed by decapitation and the epi-
didyraal, parametria]., and retroperitoneal fat pads rapidly removed
and weighed. Tissue from one male and one female rat of each litter
were analyzed for fat cell size while the tissue from the other sac-
rificed male/female pair were assayed for LPL activity. Also on day
24 the two remaining male rats in each litter were separated from the
two remaining females and housed in other plastic maternity cages.
Food intake and body weight measurements were taken every fifth day
until the end of the experiment.
On day 140 of age, a steel mesh divider was inserted into each
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cage separating the two remaining littermates. One littermate was
subsequently fed the high fat diet described in the first study while
the other remained on the powdered chow.
At 200 days of age rats were sacrificed by decapitation and the
retroperitoneal, parametral and epididymal fat pads were rapidly
dissected, weighed, and assayed for fat cell size and LPL activity.
Fat tissue remaining after aliquots had been removed for the above
assays was returned to the carcass which was then prepared for com-
position analysis.
LPL activity. Lipoprotein lipase activity was determined accor-
ding to the method of Schotz, Garfinkel, Huebotter and Stewart (1970).
Dissected fat pads were homogenized at a concentration of 200 mg per
ml of a homogenizing medium containing 0.25 M sucrose and 1 mM EDTA
(pH 7.4). Postmitochondrial supernatants were obtained by centrifu-
ging the homogenates at 12,000 g for 15 minutes. Supernatants were
then incubated with a substrate emulsion containing 1.8 uCi (carboxyl-
^C) triolein, 1.5 mg lysolecithin, 36 mg radioinert triolein, 3 ml
fasted human serum, 0.45 ml 1% fatty acid poor bovine serum albumin,
and 2.55 ml 0.2 M tris-HCl (pH 8.0). One hundred yl supernatant sample
were incubated with 100 yl of the substrate emulsion for 30 minutes at
37°C. Additional samples were assayed in the presence of .67N NaCl
to measure non-specific hydrolysis. The reaction was then stopped
with the addition of 3.25 ml of a chloroform: methanol: heptane mix.
Phase separation was accomplished with the addition of 1.05 ml car-
bonate buffer. Samples were centrifuged and aliquots of the upper
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(free fatty acid) phase pipetted into scintillation vials. Ten ml
of toluene-based scintillation fluid containing 33% Triton X-114
were added and samples counted for 10 minutes in a Packard Tricarb
Scintillation Spectrometer.
Protein concentrations were analyzed in 10 yl aliquots of the
post-mitochondrial supernatants by the method of Lowry et al . (1951).
Fat cell size
. Fat cell size in both the 24 day old animals and
200 day old animals was assayed according to the methods described in
Experiment I with one exception. In the 200 day old group an addi-
tional sample of adipose tissue (approximately 250 mg) was removed
from each depot and a lipid extraction conducted according to the meth-
od of Radin and Hara (1978). Adipose tissue samples were homogenized
in 4 ml of a 3:2 hexane : isopropanol mix, 3 ml of a 0.5 M Na
2 S04 solu-
tion were added and the samples shaken vigorously. The organic phase
was then added to preweighed citric acid tubes and dried to a constant
weight. Estimates of fat cell number in each pad were calculated by
dividing corrected depot weight (actual weight X % lipid) by mean
adipocyte weight (Goldrich, 1967).
Carcass analysis
. Carcass composition was analyzed in all animals
by a modification of the method of Leshner, Litwin, and Squibb (1972).
Carcasses were shaved, eviscerated, weighed and then dried to a constant
weight at approximately 80°C. Each dried carcass was then finely ground
and blended until a homogeneous consistency was obtained. Approxi-
mately 500 mg of this sample was used for subsequent analyses.
Carcass samples were placed in preweighed citric acid tubes and
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lipid was extracted with petroleum ether. Protein was subsequently
extracted from the delipidated sample with 0.3 N KOH and assayed
by the method of Lowry et al. (1951).
Statistics. Body weight and food intake data were again
analyzed using BMDP program P2V. Individual comparisons between
control and experimental animals were made using the same program
with the a level of protection distributed across sets of com-
parisons. Increases in body weight following the switch to high
fat diet were calculated as the change in body weight of rats on
the high-fat diet during the 40 day period following the switch
minus the change in body weight in littermates on the powdered diets
during the same 40 day period. Data were analyzed with a one-way
ANOVA. Significant treatment effects (p < .05) were followed by
post hoc analyses with Duncan's New Multiple Range Test (NMRT)
.
Increases in caloric intake following the switch to high-fat
diet were calculated as total caloric intake of rats on the high-fat
diet during the 40 day period following the switch minus total
caloric intake of littermates on the powdered diet during the same
40 day period. These data were also analyzed with a one-way ANOVA
followed by a post hoc analysis of significant treatment effects
with Duncan's NMRT. In 24-day-old animals, adiposity measures
were analyzed with a one-way analysis of variance and significant
F_ ratios were followed by Duncan's NMRT. In 200-day-old animals
adiposity measures were analyzed with 3-way analyses of variance to
quantify interactions and main effects. One-way analyses of
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variance were then made across treatment conditions and significant
F ratios were followed by Duncan's NMRT.
Results
.
%ternaj_in1al^. As demonstrated in Figure 7, previously food
restricted mothers who were returned to ad libitum feeding on day
14 of gestation increased food intake above control levels in the
last week of gestation (Day 15 (G) - p < .01; Day 20 (G) - p < .025)
and maintained this increase into the first postnatal week (Day 4 -
p < .005).
Body weight
.
Mothers in all three treatment groups gave birth
to similar numbers of pups. EA and C pups were equivalent in body
weight at birth, and at weaning while EP animals were slightly,
although not significantly, lighter at both time periods. As seen
in Figure 8 (Table 7) male EA animals gained significantly more
weight than did control males (p < .025) on the Purina chow diet.
EP males, on the other hand, gained significantly less weight than
controls (p < .025). In females, both EA and EP offspring gained
significantly more weight than controls on the chow diet (p < .025
for both comparisons)
.
The increase in body weight in EP females
and decrease in EP males relative to their respective controls pro-
duced a highly significant Days X Treatment X Sex interaction (p <
.001)
.
Roth EA and EP male rats who were switched to a high fat diet
at 140 days of age increased their rates of weight gain (relative
to powder-fed littermates) significantly more than did control rats
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TABLE 6
Study II
POST-RESTRICTION MATERNAL FOOD INTAKE
t df p
15 (G) 2.93 19
.01
20 (G) 2.38 19
.025
4 (pn) 3.81 19
.005
9 ( P°) 0.49 19 NS
Fig. 8. Mean body weight curves of rats born to mothers
who were either: food restricted during the first two weeks
of pregnancy then allowed to refeed a_d libitum (EA) , allowed
unlimited access to food throughout gestation and the suckling
period (C) , or food restricted during the first two weeks of
pregnancy and then pair-refed to controls until weaning was
completed (EP)
.
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TABLE 7
Study II
BODY WEIGHT - OVERALL ANOVA (POWDER)
Source
Treatment
Sex X Treat
Days
Days X Sex
Days X Treat
df F P
2/56 8.91
. 004
2/56 4.04 02 5
9/504 1215.60
. 001
9/504 185.70
. 001
18/504 3.75 .001
X Sex 18/504 5.59
. 001
a/2
EA X C 1/18 4.23 NS
VA v CCjA A Kj a Days 9/162 2 .89
. 025
EP X C 1/18 5.39 NS
EP X C X Days 9/162 2.93 .025
EA X C 1/15 5.07 NS
EA X C X Days 9/135 2.77 .025
EP X C 1/17 0.62 NS
EP X C X Days 9/153 2.60 .025
Males
Females
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on the high-fat diet (£ < .01, p_ < .05 respectively). In females
no differential increases were seen in body weight gain as a func-
tion of diet.
Food/caloric intake. Food intake on the chow diet was greater
in EA males than in their control group counterparts (_p < .005).
No differences in intake were seen however, between control and EP
males or between any of the female treatment groups (Figure 9)
.
No differences were seen among male or female treatment groups
in the increase in caloric intake after the switch to high fat diet
(Figure 10, Table 9). When data were calculated as metabolic
efficiency (ABW/kcal intake) it was found that both EA and EP males
had significantly greater increases following the switch to high
fat diet than did control males (p_ < .05, p_ < .01 respectively).
No differences were found between female treatment groups in the
increases in metabolic efficiency following the change in diets.
Adiposity (24 day olds ). As demonstrated in Figure 11, epi-
didymal fat pads were significantly Op < .05) heavier in 24 day old
EA males than in control or EP males. A similar although non-
significant pattern was seen in the retroperitoneal pad. In fe-
males, the parametrial pads of EA rats were significantly Op <
.05) heavier than controls while those of EP rats were significantly
Cp_ < .05) lighter than controls. No differences were seen in
female retroperitoneal pad weights.
In males fat cell size tended to be increased in EA and EP
rats in both the epididymal and retroperitoneal pads however, none
Fig. 9. Mean daily food intakes of rats born to mothers
who were either: food restricted during the first two weeks
of pregnancy then allowed to refeed ad libitum (EA), allowed
unlimited access to food throughout gestation and the suckling
period (C) , or food restricted during the first two weeks of
pregnancy and then pair-refed to controls until weaning was
completed (EP).
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TABLE 8
Study II
FOOD INTAKE - OVERALL ANOVA (POWDER)
Source
at F P
Treatment 2/54 7.26
.002
Sex X Treat 2/54 3.93
.05
Days 11/594 281.73
.001
Days X Sex 11/594 30.09
.001
Days X Treat 22/594 2.04
.05
Days X Treat X Sex 22/594 2.03
.05
a/2
Males EA X c 1/18 20.25 .001
EA X c X Days 11/198 3.36 .005
EP X c 1/18 0.02 NS
EP X c X Days 11/198 1.76 NS
Females EA X c 1/17 1.74 NS
EA X c X Days 11/187 0.99 NS
EP X c 1/18 0.56 NS
EP X c X Days 11/187 1.58 NS
Fig. 10. Mean daily caloric intakes of rats born to
mothers who were either: food restricted during the first
two weeks of pregnancy then allowed to refeed ad libitum
(EA), allowed unlimited access to food throughout gestation
and the suckling period (C) , or food restricted during the
first two weeks of pregnancy and then pair-refed to controls
until weaning was completed (EP).
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Fig 11. Fat pad weight (grams), fat cell size (microns),
and lipoprotein lipase activity in 24 day old rat pups born
to
mothers who were either: food restricted during the first
two
weeks of pregnancy then allowed to refeed ad libitum (EA)
,
allowed unlimited access to food throughout gestation and
the
suckling period (C) , or food restricted during the first
two
weeks of pregnancy and then pair-refed to controls
until
weaning was completed (EP) . (*P < -05)
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24 DAYS
Figure 11
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TABLE 10
Study II
ADIPOSITY (24 DAY OLDS)
Fat Pad Weight df F p
Male EPI 2/27 4.04
Duncan NMRT
Rank X
05
EP .1664
C .1683
EA
.2100 K2 = .0344 p < . 05
Retro 2/27 2.92 NS
Female Para 2/27 4.62 .05
Duncan NMRT
Rank X
EP .0917 K2 = .00101 p < .05
C .1139
EA .1351 K2 = .00101 p < . 05
Retro 2/27 0.44 NS
Fat Cell Size df F P
Male EPI 2/27 2.22 NS
Retro 2/27 2.49 NS
Female Para 2/27 0.24 NS
Retro 2/27 0.09 NS
TABLE 10 CONTINUED
LPL Activity
Male Epi
Retro
Female Epi
Retro
df f p
2/27 1.54 NS
2/27 0.56 NS
2/27 0.10 NS
2/27 0.14 NS
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of these differences reached significance. No treatment effects on
fat cell size were found in either female fat pad.
No differences were seen in lipoprotein lipase activity in
either fat pad in either male or female rats.
AdiBPSity (200 day olds)_. Figure 12 demonstrated that male, EA
rats maintained on the high-fat diet have significantly heavier epi-
didymal (£ < .01) and retroperitoneal (£ < .05) fat pads with signif-
icantly larger component adipocytes (p < .001, p_ < .01 respectively)
than their control counterparts. EP fat pad weights and fat cell size
also tended to be elevated however, none of these differences proved
reliable. No treatment effects were seen on fat cell number in either
fat pad of male rats maintained on the high-fat diet.
Female EA and EP rats maintained on the high fst diet tended
to increase fat pad weights in both the parametrial and retro-
peritoneal depots but none of these differences reached signif-
icance. Fat cell size was significantly increased in the para-
metrial pads of EA and EP females (p < .05 for both groups). Fat
cell number, on the other hand, was significantly depressed in this
pad in both EA and EP females Op < .05; £ < .01, respectively).
No differences were seen in either fat cell size or number in the
retroperitoneal pads of female rats maintained on high-fat diet.
Neither male nor female rats maintained on the powdered diet
showed any significant treatment effects on either fat pad weight,
fat cell size, or fat cell number.
Lipoprotein lipase activity tended to be lower in the epididymal/
Fig. 12. Male adiposity (200 days), mean fat pad weight,
fat cell size, and fat cell number in rats born to mothers
who were either: food restricted during the first two weeks
of pregnancy then allowed to refeed ad libitum (EA), allowed
unlimited access to food throughout gestation and the suckling
period (C), or food restricted during the first two weeks of
pregnancy and then pair-refed to controls until weaning was
completed (EP). (*p < .05; **p < .01; ***p < .001)
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MALE (200 days)
Epididymal Retroperitoneal Epididymal Retroperitoneal
Figure 12
Fig. 13. Female adiposity (200 days), Mean fat pad
weight, fat cell size, and fat cell number in rats born
to mothers who were either: food restricted during the
first two weeks of pregnancy then allowed to refeed ad
libitum (EA), allowed unlimited access to food throughout
gestation and the suckling period (C), or food restric-
ted during the first two weeks of pregnancy and then
pair-refed to controls until weaning was completed (EP)
.
(*p < .05; **p < .01)
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FJEMALE ( 200days)
Parametrial Retroperitoneal Parametria! Retroperitonea
Figure 13
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TABLE 11
Study II
ADIPOSITY (200 DAY OLDS) OVERALL ANOVA
Fat Pad Weight Gonadal Pad Retroperitoneal PaH
Source df F P A fUI F P
Treatment 2/104 6.75
.002 2/104 8.08 .001
Sex X Treat 2/104 0.07 NS 2/104 2 70 MO
Diet X Treat 2/104 3.31 .05 2/104 6.21
.01
Diet a Sex X Treat 2/104 0.80 NS 2/104 0.93 NS
Male
Hifat 2/26 9.97 .001 2/26 7.58 .025
Duncan NMRT
Rank X Gonadal Rank X Retro
C 13.403
EP 15.076
EA 20.413 K3 = 3.849 p < .01
C 14.925
EP 18.756
EA 23.494 K3 = 5.098 p < .05
Powder 2/26 2.21 NS 2/26 3.52 NS
Female
Hifat
Powder
2/26 1.09 NS
2/26 0.75 NS
2/26 1.97 NS
2/26 0.07 NS
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TABLE 12
Study II
ADIPOSITY (200 DAY OLDS) OVERALL ANOVA
Fac Cell Size Gonadal Pad Retroperitoneal Pad
Source df F P df F P
Treatment 2/104 8.72
.001 2/104 2.99 NS
Sex X Treat 2/104 3.20
.05 2/104 1.67 NS
Diet X Treat 2/104 5.39 .01 9 in/, 2.32 NS
Diet X Sex X Treat 2/104 0.23 NS 0.84 NS
Male
Hifat 2/26 8.08 .01 2/26 4.42
.05
Duncan NMRT
Rank X Gonadal Rank X Retro
C 101.43
EP 116.10
EA 131.70 K3 = 28.41 p < .001
C 117
EP 127
EA 138
.2
.6
.1 K3 = 20.4 p < .01
Powder 2/26 1.69 NS 2/26 1.74 NS
Female
Hifat 2/26 4.17 .05 2/26 1.57 NS
Duncan NMRT
Rank X Gonadal
C 108.0
EA 129.6 K2 = 18.3 p < .05
EP 131.5 K3 - 19.2 p < .05
Powder 2/26 1.08 NS 2/26 0.27 NS
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TABLE 13
Study II
ADIPOSITY (200 DAY OLDS) OVERALL ANOVA
Fat Cell Number X 10 6
Source
Treatment
Sex X Treat
Diet X Treat
Diet X Sex X Treat
Gonadal Pad
df F p
2/104 4.13 .025
2/104 1.00 NS
2/104 1.12 NS
2/104 1.20 NS
Retroperitoneal Pad
df F p
2/104 0.61 NS
2/104 0.17 NS
2/104 0.10 NS
2/104 0.03 NS
Male
Hifat 2/26 1. 32 NS 2/26 0..11 NS
Powder 2/26 0. 03 NS 2/26 0..14 NS
Female
Hifat 2/26 5. 82 .01 2/26 0..64 NS
Duncan NMRT
Rank X Gonadal
EP 12.85 K3 = 5.958 p < .01
EA 15.144 K2 = 4.215 p < .05
C 19.79
Powder 2/26 5.01
Duncan NMRT
05 2/26 1.28 NS
Rank X Gonadal
EP 11.25 K2 = 4.8051 NS
C 15.04
EA 18.48 K2 = 4.8051 NS (K3 = 5.047 p < .05)
Fig. 14. Mean lipoprotein lipase activity (200 days)
in rats born to mothers who were either: food restricted
during the first two weeks of pregnancy then allowed to re
feed ad_ libitum (EA) , allowed unlimited access to food
throughout gestation and the suckling period (C), or food
restricted during the first two weeks of pregnancy and
then pair-refed to controls until weaning was completed
(EP). (*p < .05)
81
£ 0.7
Q5
0.3
0.1
0.7-
0.5
0.3-
0.1-
Epididymal
MALES(200days)
Retroperitoneal
FEMALES
Pa rametrial
Powder
Retroperitoneal
High F Powder High Fat
Figure 14
82
TABLE 14
Study II
ADIPOSITY (200 DAY OLDS) OVERALL ANOVA
Lipoprotein Lipase Ac tivity, Gonadal Pad Retroperitoneal Pad
Source
Treatment
Sex X Treat
Diet X Treat
Sex X Diet X Treat
Male
Hifat 2/24 0.03 NS 2.25 0.32 NS
Powder 2/25 1.89 NS 2/23 0.63 NS
df F P df F P
2/91 2.32 NS 2/94 0.39 NS
2/91 1.02 NS 2/94 0.20 NS
2/91 1.60 NS 2/94 0.41 NS
2/91 1.42 NS 2/94 0.45 NS
Female
Hifat 2/22 3.18 NS 2/25 0.20 NS
Duncan NMRT
Rank X Gonadal
.2534 EA K2 = 3.071 p < .05
.5703 C
.604 EP
Powder 2/21 0.64 NS 2/22 0.17 NS
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paraxial pads of ma le and female rats maintained on a chow diet,
however these differences were not significant. The only LPL
effect which proved significant was in the paranoial pad. EA
females maintained on the high-fat diet had significantly (p_ < I
.05) lowered LPL activity relative to controls (Figure 14).
Table 15 (Figure 15) summarizes the carcass composition data.
Carcass lipid content (% lipid) was found to be significantly ele-
vated in male EA and EP animals who were fed the high-fat diet
(£ < .05 for each comparison). Carcass protein was significantly
depressed (j> < .05) in EA males and tended to be depressed (although
not significantly) in EP males. Non-significant decreases in water
content were also seen in these two groups.
No treatment affects were seen on carcass composition in male
rats maintained on the chow diet or in female rats maintained on
either chow or high-fat diets.
Discussion. As was the case in Experiment I male offspring of mothers
who had been food-restricted during the first two trimesters of preg-
nancy and then returned to ad libitum feeding (EA) ate significantly
more food and gained significantly more weight on the chow diet than
did control offspring. Maternal overeating following the restriction
appears to be a necessary component in the etiology of these effects.
Pair-refeeding mothers not only blocked the subsequent hyperphagia of
male offspring on the chow diet (EP) but actually resulted in signif-
icant decreases in body weight. In contrast body weight gains on the
high-fat diet appear to be less dependent on maternal "rebound hyper-
84
Fig. 15. Carcass composition (200 days), lipid water
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TABLE 15
Study II
ADIPOSITY (200 DAY OLDS) OVERALL ANOVA
Carcass Analyses (% Lipid)
Source df f P
Treatment 2/64 1.15 NS
Sex X Treat 2/64 0.06 NS
Diet X Treat 2/64 1.35 NS
Sex X Diet X Treat 2/64 1.08 NS
Male
Hifat (% Lipid) 2/15 4.34
.05
Duncan NMRT
Rank X Gonadal
C 20.91
EP 26.60 K2 = 4.723 p < .05
EA 27.02 K3 = 4.952 p < .05
(%H2 0)
(% Protein)
2/15
2/15
2.08
3.33
NS
NS
Duncan NMRT
Rank X Gonadal
EA 14.25 K3 = 3.05 p < .05
EP 15.26 K2 = 2.91 NS
C 17.77
Powder (% Lipid)
(% H
2
0)
(% Protein)
2/15
2/15
2/15
1.06
0.002
0.07
NS
NS
NS
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TABLE 15 CONTINUED
Female
Hifat (% Lipid) 2/18 o. 4o NS
Si .
,
2 / 18 0.57 NSU Protein) 2 /18 0.08 NS
Powder (% Lipid) 2 /16 l 38 NS
« H2 0)
.
s
2/16 1.21 NS
(% Protein) 2 /16 0.48 NS
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Phagia." Both EA and EP males increased rates of weight gain signif-
icantly more than did control animals following the switch to high-
fat diet. Metabolic efficiencies in both of these groups also in-
creased significantly more than in control males following the switch.
Unlike findings reported in Experiment 1, female offspring of
both ad libitum and pair-refed mothers also gained significantly more
weight on the chow diet than did controls. Again, however, no dif-
ferential increases in body weight were seen in females as a function
of treatment condition following the switch to high-fat diet.
Maternal rebound hyperphagia during the 3rd trimester appears to
contribute, at least in part, to the excess adiposity seen in the epi-
didymal and retroperitoneal depots of male offspring. As in the
first experiment adult male EA rats had significantly heavier fat pads
with significantly larger component adipocytes than control animals.
That rebound hyperphagia is not solely responsible for this develop-
ment is suggested by the fact that mean values for fat pad weight and
fat cell size in EP animals lie approximately midway between those of
EA and control males. Similarly, carcass lipid content (expressed as
percent wet tissue) was significantly and equivalently elevated in
male EP and EA animals relative to controls suggesting that patterns of
increased adiposity seen in the epididymal and retroperitoneal pad are
maintained throughout the body (greater final body weights in EA an-
imals would suggest greater abosolute increments in carcass lipid than
in EP males).
Sex differences similar to those seen in Experiment I, were again
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in evidence in adipose tissue development. Although increases in adi-
pocyte size were seen in the parametria! pads of EA females, and sim-
ilar increases were seen in EP females, these increases, once again,
were not reflected in increased pad weight as they were in male litter-
mates. As noted earlier, the weight of an organ is a function both of
size of its component cells and of the number of those cells. In fe-
males, the increase in size of individual parametrial cells in EA and
EP rats appears to be offset by a significant decrease in their number.
Although a trend toward decreased number also appears in the epididymal
pads of male EA and EP animals this trend never reached significance.
In considering the contribution of dietary factors to the develop-
ment of excessive adiposity in these animals we note that no differen-
ces in pad weight, adipocyte size, or carcass lipid appear among adult
male rats maintained on the chow diet alone. In contrast male EA rats
switched to the high-fat diet on day 140 have significantly heavier
epididymal and retroperitoneal pads as adults, with significantly lar-
ger component adipocytes, and a significantly increased carcass lipid
content. It is apparent then that increases in adiposity in male EA
animals are expressed only when rats are maintained on a high-fat
diet. It is interesting in this regard that male EA animals already
have, at weaning, significantly heavier epididymal fat pads with a
similar non-significant trend appearing in retroperitoneal pads.
Intake of a milk diet which is relatively high in fat content
(12.6% fat) during the suckling period may thus be sufficient to pro-
duce intergroup differences in fat pad weight at weaning, differences
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which cannot be maintained subsequently on a low-fat chow diet (A. 5%
fat)
.
Activity of the enzyme adipose tissue lipoprotein lipase is
apparently not responsible for creating or maintaining the increases
in adiposity seen in either male or female offspring of gestationally
undernourished mothers. No reliable intergroup differences in LPL
activity were found on either diet at either 24 or 200 days of age.
CHAPTER IV
THE EFFECTS OF WEANING ONTO A HIGH-FAT DIET ON THE DEVELOPMENTOF HYPERPHAGIA AND OBESITY FOLLOWING EARLY GESTATIONAL
UNDERNUTRITION
Experiment III
In the third and final experiment in this dissertation three sep-
arate issues will be addressed.
One issue, raised by results from the first two studies, is why
hyperphagia on the chow diet in male offspring of ad libitum refed
mothers disappears when a high fat-diet is introduced. This occurs
in spite of the fact that animals in the previously-deprived groups
increase their rate of weight gain on the high-fat diet significantly
more than do control animals.
One possible explanation might be that factors associated with a
change in diet per se, differentially effect food intake in previously-
deprived groups thereby blocking potential overeating responses. The
most direct method of testing this hypothesis would be to wean groups
of animals directly onto a high-fat diet rather than waiting to switch
diets in adulthood.
In Experiment II the increased adiposity seen in the EA group
was due exclusively to an increase in adipocyte size, no effect on
fat cell number was observed. This lack of increase in cell number
may be a result of rats not being fed the high-fat diet for a suf-
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ficient length of time to "trigger" adipocyte proliferation (Knittle
1979)
'
Feedin§ rats the high-fat diet from weaning should
provide ample opportunity for adipocyte proliferation to occur.
One further issue addressed in this third study is the role of
plasma triglycerides in the development of obesity in these animals,
de Gasquet et al. (1981) suggest that high circulating triglyceride
levels, particularly in rats on high fat diets may result in high
rates of incorporation into adipose tissue, this despite the low LPL
activity associated with high fat feeding. Triglyceride levels will
therefore be determined in these animals.
Methods
.
Subjects and procedures
. Twenty-five female Sprague-Dawley
rats (Charles River) were placed in treatment conditions identical
to those in Experiment I until birth of offspring. At birth, litters
which met the acceptance criterion of birth within 1 day of the ex-
pected delivery date were culled to 4 males and 4 females each.
Rats were maintained on a Purina chow diet until weaning on day 24.
At weaning, males and females of each litter were separated and a
wire mesh divider inserted into each cage. Two like-sexed litter-
mates were placed on the high-fat diet previously described while
the other two remained on the chow diet. Food intake and body
weight measurements were taken every fifth day for the duration of
the experiment. As in the first experiment the terms "experimental"
and "control" refer to offspring of restricted and unrestricted
mothers respectively.
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On day 46 one animal from each
litter, in each diet condition (male-powder, male-high fat, female-
powder, female-high fat), was sacrificed by decapitation and its
epididymal retroperitoneal, and parametria! fat pads were rapidly
dissected. Tissue samples were weighed and processed for fat cell
size and number determination as described in Experiment II. Excess
fat was returned to the carcass which was then shaved, eviscerated
and processed for composition analysis as described 'in Experiment II,
Plasma triglycerides. On day 200 a similar procedure to that
described above occurred with a single exception. Following decap-
itation, approximately 5 ml of blood were collected in chilled, hep-
arinized tubes. The blood was then centrifuged, and plasma saved
for later analysis of triglyceride and glycerol levels.
Statistics. Body weight and caloric intake data were analyzed with
a BMPD program P2V for analysis of variance with repeated measures.
Individual comparisons were made at the appropriate levels of com-
parison using the same P2V program. Metabolic efficiencies on body
weight gain/Kcal consumed were calculated for postnatal days 104-
144 and analyzed with a one-way analysis of variance. Adiposity
measures (adipocyte size and number, and pad weight), carcass com-
position, and plasma triglyceride levels were analyzed with 3-way
analyses of variance followed by one-way analyses of variance at the
appropriate levels of comparison.
Results
.
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^weight. Body weights of mothers assigned to the exper-
imental condition were virtually identical to those of mothers in
the control condition immediately prior to impregnation. At birth,
litter sizes and pup weights were equivalent across treatment con-
ditions
.
or
Male experimental rats maintained on either the chow diet
the high-fat diet gained significantly more weight than did their
similarly fed control counterparts (p < .05; p < .001, respectively)
(Figure 16). In females, however, no differential effects were
evident as a function either of diet or treatment resulting in
significant Days X Sex X Treatment (p < .001), Days X Diet X Treat-
ment (p < .001), and Days X Sex X Diet X Treatment (p < .001) inter-
actions (Table 16).
Caloric intake. Figure 17 represents post-weaning caloric in-
takes over the course of the experiment. Experimental male rats
fed either the high-fat or chow diet ate significantly more than
their respective controls (p_ < .01;
_p < .001 respectively). In
females, however, experimental rats in both diet conditions ate
approximately the same amount of food as their control counterparts.
Elevated intakes in experimental male but not female rats produced
a significant Days X Sex X Treatment interaction Op < .001) (Table
17).
Metabolic efficiencies were significantly elevated, relative
to controls, in male experimental animals maintained on the high-
fat diet. No treatment effects on metabolic efficiency occurred in
500-
Females
AGE(days)
Fig. 16. Mean body weight curves of rats born to
mothers who were either food restricted during the first
two trimesters of pregnancy and then refed ad_ libitum
(Exptl.) or given unlimited access to food during gesta-
tion (Cont.). Offspring were weaned on day 24 onto either
a high fat diet or standard Purina lab chow.
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TABLE 16
Study III
BODY WEIGHT - OVERALL ANOVA
Treat
Source
Treatment
Sex X Treat
Diet X Treat
Sex X Diet X
Days
Days X Sex
Days X Diet
Days X Treat
Days X Sex X
Days X
Days X Diet
Days X
Diet
Sex X Treat
X Treat
Sex X Diet X Treat
df F P
1/63 16.41
.001
1/63 8.88
.005
1/63 A "1 A4 . J.O
. 05
1/63 3.52 NS
8/496 2226.30
.001
8/496 296 QS
. UU1
8/496 15/57 .001
8/496 10.73 .001
8/496 4.79 .001
8/496 8.97 .001
8/496 5 .72 001
8/496 4.80 .001
1/14 14.75 .01
8/112 12.35 .001
1/15 1.88 NS
8/120 2.39 .05
1/17 0.59 NS
8/136 0.38 NS
1/17 0.56 NS
8/136 0.05 NS
Males
Hifat
Powder
Females
Hifat
Powder
E X C
E X C X Days
E X C
E X C X Days
E X C
E X C X Days
E X C
E X C X Days
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Fig. 17. Mean daily caloric intakes of rats born to
mothers who were either food restricted during the first
two trimesters of pregnancy and then refed ad libitum
(Exptl.) or given unlimited access to food during gesta-
tion (Cont.). Offspring were weaned on day 24 onto either
a high fat diet or standard Purina lab chow.
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TABLE 17
Study III
CALORIC INTAKE - OVERALL ANOVA
Source
Treatment
Sex X Treat
Diet X Treat
Sex X Diet X Treat
Days
Days X Sex
Days X Diet
Days X Treat
Days X Sex X Diet
Days X Sex X Treat
Days X Diet X Treat
Days X Sex X Diet X Treat
df F P
1/62 12.07
.001
1/62 7.83
.001
1/62 0.10
.001
1/62 0.56 .001
8/496 63.20
.001
8/496 5.67
.001
8/496 1.24 NS
8/496 1.78 NS
8/496 3.17 .002
8/496 3.40 .001
8/496 0.64 NS
8/496 0.36 NS
Males
Hifat E X C 1/14 9.06 .01
E X C X Days 8/112 1.88 NS
Powder E X C 1/15 48.98 .001
E X C X Days 8/120 4.08 .005
Females
Hifat E X C 1/17 0.14 NS
E X C X Days 8/136 0.71 NS
Powder E X C 1/16 0.03 NS
E X C X Days 8/128 0.78 NS
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TABLE 18
Study III
METABOLIC EFFICIENCIES (DAY 104-144)
X ± SEM
Male Exp Cont df F P
Hifat
.0308 ± .002 .0229 ± .003 1/13 7.10 .025
Powder
.e
.0205 ± .002 .0225 ± .003 1/15 0.39 NS
Hifat .0112 ± .002 .0109 ± .001 1/17 0.02 NS
Powder .0146 ± .002 .0146 ± .002 1/16 0.001 NS
100
were
male rats fed the powdered diet or in female rats on either diet
(Table 18).
MlPosi^J^^ Epididymal and retroperitoneal fat
pads from experimental male rats weaned onto the high-fat diet
significantly heavier at 46 days of age than were those from control
male counterparts (£ < .025; p < .01 respectively). A similar in-
crease was seen in the parametria! pad of experimental female rats
maintained on the chow diet (p_ < .05). No significant treatment ef-
fects were seen, however, in the retroperitoneal pad of chow-fed fe-
males nor in either pad of females maintained on the high fat diet
nor were they seen in male rats weaned onto the chow diet (Figure 18)
Fat cell size was significantly elevated in experimental male
rats maintained on the high-fat diet (p_ < .01 for both pads) but not
in those fed the chow diet. Conversely, in females, fat cell size
was significantly elevated in experimental rats maintained on the
chow diet ( p < .05 for both pads) but not in those fed the high-fat
diet (Table 19).
No significant treatment effects were seen for fat cell number
in either male or female animals regardless of diet condition (Table
20). A reliable increase in percent carcass lipid Op < .025)
occurred in experimental male rats on the high-fat diet (Figure 20).
This increase was accompanied by significant decreases in percent
water and percent protein Op < .05 for both measures). Carcass com-
position was not significantly altered in male rats maintained on
the chow diet nor in female rats fed either diet.
Fig. 18. Male adiposity (day 46) mean fat pad weight,
fat cell diameter, and fat cell number in rats born to
mothers who were either food restricted and then refed
ad libitum (Exptl.) or given unlimited access to food
during gestation (Cont.). Offspring were weaned on day
24 onto either a high fat diet or standard Purina lab
chow. (*p < .05; **p < .01)
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Figure 18
Fig. 19. Female adiposity (day 46), mean fat pad weight,
fat cell diameter, and fat cell number in rats born to mothers
who were either food restricted during the first two trimes-
ters of pregnancy and then refed ad libitum (Exptl.) or given
unlimited access to food during gestation (Cont.). Offspring
were weaned on day 24 onto either a high fat diet or standard
Purina lab chow. (*p < .05)
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Parametrial Retroperitoneal Parametrial Retroperitoneal
Figure 19
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TABLE 19
Study III
ADIPOSITY (46 DAY OLDS) OVERALL ANOVA
Fat Pad Weight f2r*r\ o r\ n 1VjUIidClciX Retroperitoneal
Source df F P df F T)r
Treatment 1/57 9.20 .005 1/57 8.30
, U±
Sex X Treat 1/57 0. 03 Li O 1/57 0.62 NS
Diet X Treat 1/57 2.26 NS 1/57 6.41
Sex X Diet X Treat 1/57 1.98 NS 1/57 5.71 .025
Male
Hifat 1/14 7.73 .025 1/14 10.89 .01
Powder 1/12 0.001 NS 1/12 0.57 NS
Female
Hifat 1/17 1.70 NS 1/17 0.48 NS
Powder 1/14 5.73 .05 1/14 2.96 NS
Fat Cell Size Gonadal Retroperitoneal
Source df F P df F P
Trpa i~ ttio T~t f- 0.4D
. 02 J 1/50 8.26 . 01
Sex X Treat 1/54 2.95 NS 1/50 0.67 NS
Diet X Treat 1/54 0.59 NS 1/50 1.01 NS
Sex X Diet X Treat 1/54 2.79 NS 1/50 7.29 .01
Male
Hifat 1/14 11.72 .01 1/14 12.73 .,01
Powder 1/12 1.05 NS 1/9 0.00 NS
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TABLE 19 CONTINUED
Female
Hifat
Powder
1/15 1.77 NS 1/14 .03 NS
1/13 4.81 .05 1/13 5.89 .05
Fig. 20. Carcass composition (day 46), lipid, waterprotein, and ash components expressed as % wet tissue in
'
rats born to mothers who were either food restrictedduring the first two trimesters of pregnancy and then re-ted ad libitum (Exptl.) or given unlimited access to foodduring gestation (Cont.). Offspring were weaned on day
24 onto either a high fat diet or standard Purina lab
chow. (*p < .05)
46 DAYS
MALES
Powder High Fat
Water Lipid Protein Ash Water Lipid Protein
Figure 20
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TABLE 20
Study III
ADIPOSITY (46 DAY OLDS) OVERALL ANOVA
Fat Cell Number i t~\ T~\ f~\ <~\ ~\bUUdQdl Retroperitoneal
Source df F p H f F P
Treatment 1/48 0.52 IN O 1 1 LL1/ 44 0.08 NS
Sex X Treat 1/48 n oi No 1 / / /1/ 44 4.91 05
Diet X Treat 1/48 0.21 NS 1/44 0.00 NS
Sex X Diet X Treat 1/48 0.37 NS 1/44 0 0? IN o
Male
Hifat 1/14 0.14 NS 1/13 1.8 LNO
Powder 1/12 0.04 NS 1/8 1 .18
Female
Hifat 1/14 0.03 NS 1/14 1.22 NS
Powder 1/8 1.29 NS 1/9 0.78 NS
Carcass Composition (% Lipid)
Source df F P
Treatment 1/51 2.70 NS
Sex X Treat 1/51 0.00 NS
Diet X Treat 1/51 3.62 NS
Sex X Diet X Treat 1/51 5.89 .025
Male
Hifat (% Lipid) 1/14 8.47 .025
(% H2 0) 1/14 6.95 .05
(% Protein) 1/14 5.58 .05
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TABLE 20 CONTINUED
Powder (% Lipid)
(% H O)
(% Protein)
1/11 3.48 NS
1/11 1.41 NS
1/11 0.76 NS
Female
Hifat (% Lipid)
(% H
2 0)
(% Protein)
1/15 0.22 NS
1/15 0.00 NS
1/15 0.37 NS
Powder (% Lipid)
(% H2 0)
(% Protein)
1/11 2. 35 NS
1/11 2. 86 NS
1/11 0. 09 NS
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Adiposity (220 day old s^). As in Fieur* ?i aj_ j_. «.b m f g e 21, experimental male
rats maintained on the high-fat diet had significantly increased
epididymal and retroperitoneal pad weights (£ < . 01 ; £ < . 025 res-
pectively) with significantly enlarged component adipocytes (p < .01
for both pads) at 220 days of age.
Although a similar trend occurred in female animals on the
high-fat diet none of the differences proved statistically reliable.
Neither pad weight nor cell size were affected in male or female
rats maintained on the chow diet. Fat cell number was not altered
as a function of treatment under any condition (Table 22).
Percent carcass lipid was significantly increased (p < .025)
while percent water was significantly decreased (p < .05) in male
experimental rats fed the high-fat diet. A similar non-significant
trend in carcass composition occurred in females, however no effects
were seen in either male or female animals maintained on the chow diet.
Plasma triglyceride levels were not reliably altered by treat-
ment condition.
Discussion
.
The diet-specific nature of the hyperphagia in experi-
mental male animals in the first two experiments was not replicated
in Experiment III. Whereas hyperphagia was specific to the chow diet
in each of the earlier studies, experimental males overate on both
chow and high-fat diets in the third experiment. These results sug-
gest that food intake of experimental male rats may be particularly
sensitive to metabolic or palatability factors associated with a
change in diet per se. If these animals are fed the high-fat diet from
Fig. 21. Male adiposity (day 220) mean fat pad weight
tat cell diameter, and fat cell number in rats born to
mothers who were either food restricted during the first
two trimesters of pregnancy and then refed ad libitum(Exptl.) or given unlimited access to food during gesta-
tion (Cont.). Offspring were weaned on day 24 onto either
a high fat diet or standard Purina lab chow. (*p < 05-
**p < .01) F '
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Figure 21
Fig. 22. Female adiposity (day 220) mean fat pad weight
fat cell diameter, and fat cell number in rats born to
mothers who were either food restricted during the first two
trimesters of pregnancy and then refed ad libitum (Exptl.) or
given unlimited access to food during gestation (Cont.). Off
spring were weaned on day 24 onto either a high fat diet or
standard Purina lab chow.
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Parametnal Retroperitoneal Parametria! Retroperitoneal
Figure 22
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TABLE 21
Study III
ADIPOSITY (220 DAY OLDS) OVERALL ANOVA
Fat Pad Weight Gonadal Retroperitoneal
Source df F P df_ F P
Treatment 1/65 4.13
.05 1/65 7 .06 .05
Sex X Treat 1/65 1.41 NS 1/65 5 .38 .025
Diet X Treat 1/65 no 5 1/ 65 6 .74 .025
Sex X Diet X Treat 1/65 0.44 NS 1/65 2 .48 NS
Male
Hifat 1/16 9.27 .01 1/16 7 .64 .025
Powder 1/15 0.02 NS 1/15 0 .20 NS
Female
Hifat 1/17 1.28 NS 1/17 1/67 NS
Powder 1/17 0.20 NS 1/17 0 .40 NS
Fat Cell Size Gonadal Retroperitoneal
Source df F P df F P
Treatment 1/65 6.28 .025 1/65 3..99 .05
Sex X Treat 1/65 0.12 NS 1/65 1. 09 NS
Diet X Treat 1/65 3.84 NS 1/65 6. 47 .025
Sex X Diet X Treat 1/65 0.41 NS 1/65 0. 01 NS
Male
Hifat
Powder
Female
Hifat
Powder
TABLE 21 CONTINUED
1/16 8.71 .01
1/15 0.02 NS
1/17 4.05 NS
1/17 0.11 NS
1/16 8.68 .01
1/15 0.07 NS
1/17 3. 74 NS
1/17 0.32 NS
Fig. 23. Carcass composition (day 220) lipid, water,
protein, and ash components expressed as % wet tissue in
rats born to mothers who were either food restricted
during the first two trimesters of pregnancy and then
refed ad libitum (Exptl.) or given unlimited access to
food during gestation (Cont.). Offspring were weaned on
day 24 onto either a high fat diet or standard Purina
lab chow. (*p < .05)
119
220 DAYS
CD
13
CO
CO
CD
70
50-
30-
± ,0
"
h-
z
LU
g 70
LU
Q_
501"
30-
10 L
HA
Powder Dcont.
Hi Exptl.
MALES
FEMALES
High Fat
Water Lipid Fat-Free
Dry Mass
Water Lipid Fat- Free
Dry Mass
Figure 23
120
30
3 20
CO
LUq
DC 10
LU
8
CD
DC
h-
< 30
CO
<
Sl 20h
10
,220 DAYS
MALES
Powder High Fat
FEMALES
Fig. 24. Plasma triglycerides (day 220) in rats born to mothers
who were either food restricted during the first two trimesters of
pregnancy and then refed ad libitum (Exptl.) or given unlimited
access to food during gestation (Cont.). Offspring were weaned on
day 24 onto either a high fat diet or standard Purina lab chow.
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TABLE 22
Study III
ADIPOSITY (220 DAY OLDS) OVERALL ANOVA
Fat Cell Number Gonadal Retroperitoneal
Source df F P df_ F P
Treatment 1/65 1.10 NS 1/65 1.23 NS
Sex X Treat 1/65 0.87 NS 1/65 2.68 NS
Diet X Treat 1/65 1.18 NS 1/65 0.11 IN D
Sex X Diet X Treat 1/65 0.74 NS 1/65 0.62 NS
Male
Hifat 1/16 0.58 NS 1/16 1.40 NS
Powder 1/15 0.50 NS 1/15 1.04 NS
Female
Hifat 1/17 1.20 NS 1/17 3.89 NS
Powder 1/17 0.60 NS 1/17 0.002 NS
Carcass Composition (% Lipid)
Source df F P
Treatment 1/64 3.79 NS
Sex X Treat 1/64 0.30 NS
Diet X Treat 1/64 7.05 .01
Sex X Diet X Treat 1/64 0.09 NS
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TABLE 22 CONTINUED
Male df
Hifat
Female
(% Lipid)
(% H2 0)
(% FFDM)
Powder (% Lipid)
(% H2 0)
(% FFDM)
Hifat (% Lipid)
(% H2 0)
(% FFDM)
Powder (% Lipid)
(% H2 0)
(% FFDM)
1/16
1/16
1/16
1/15
1/15
1/15
1/17
1/17
1/17
1/16
1/16
1/16
6.15
5.45
0.54
0.06
0.06
0.04
3.58
2.03
5.85
0.03
0.08
0.23
025
.05
NS
NS
NS
NS
NS
NS
.05
NS
NS
NS
Plasma Triglycerides
Source
Treatment
Sex X Treat
Diet X Treat
Sex X Diet X Treat
Male
Hifat
Powder
Female
Hifat
Powder
df
1/65
1/65
1/65
1/65
F
1.71
.00
.07
.60
P
NS
NS
NS
NS
1/16
1/15
1/17
1/17
1.22
.01
.51
.81
NS
NS
NS
NS
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weaning rather than being transferred to it as adults, hyperphagia
ensues.
In females rats no treatment effects were seen for either body
weight or food intake, confirming results obtained in Experiment I.
It is therefore concluded that the increases seen in these parameters
in experimental female rats during Experiment II were at best un-
reliable
.
Results from this experiment confirm those from experiment II with
regard to the differential effects of chow and high fat diets on
adipose tissue development. After only 3 weeks of feeding on the
high-fat diet significant increases in fat pad weight, fat cell size
and percent body fat were evident in experimental male rats. In
contrast no differences in any of these parameters appeared in ex-
perimental males maintained on the chow diet. Similar results were
found in adult rats. It thus appears that although experimental
male rats become hyperphagic and gain significantly increased amounts
of weight while on the chow diet, these increases are not re-
flected in increased adiposity.
The increase in adiposity in male experimental animals main-
tained on the high-fat diet are strictly accounted for in terms of
an increase in the size of individual adipocytes. These findings
are difficult to reconcile with an adipocyte "trigger" hypothesis
(Knittle et al., 1979). If fat cell proliferation is induced when
adipocyte size reaches some critical triggering level then prolifer-
ation should be more pronounced in animals with larger mean cell
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diameters (experimental males on high-fat diet). Yet as we have noted
even when rats were fed the high-fat diet from weaning until 220 days
of age no differential treatment effects were seen on fat cell
number.
The fact that neither plasma triglyceride levels in Experiment
III nor LPL activity in Experiment II, were differentially affected
by treatment condition suggests that differential hydrolysis and up-
take of circulating lipids may not be an important consideration in
the etiology of this obesity. It is important to note, however, that
measurements of plasma triglyceride levels may not accurately reflect
the dynamics of uptake. For example the lack of change in tri-
glyceride levels may reflect a similar lack of change in uptake or,
alternatively it might reflect a simultaneous increase in both sub-
strate availability and clearance/uptake from blood. Thus, although
triglyceride levels may remain stable, turnover could have increased.
If uptake of free fatty acids is unaffected by maternal dietary
factors only de novo lipogenesis remains as a potentially alterable
source of free fatty acids for adipose tissue. De novo lipogenesis,
however, is minimal in adipose tissue of rats maintained on a high
fat diet (de Gasquet et al., 1981). Since adiposity effects were
maximized on a high-fat diet in the current experiments, it is some-
what doubtful that alterations in cle novo lipogenesis contributed
significantly to these effects.
lemon
-
CHAPTER V
GENERAL DISCUSSION
The present findings indicate that gestation is not, as ha;
been suggested (Frazier and Huggett, 1970), a "protected period'
with respect to nutritional influence. It has further been d«
strated that the nature of metabolic, morphological, and behavioral
sequelae to gestational undernutrition are highly dependent on the
timing and duration of maternal exposure. As was reported for hu-
mans in the Ravelli study (Ravelli e_t al
.
,
1976), male offspring of
rats whose exposure to food restriction was limited to the first
two trimesters of pregnancy, tended to be more obese than offspring
of well-nourished mothers. It is noted, however, that caution must
be exercised in positing a common mechanism for these effects in
rats and man, particularly in light of the disparate rates of cellu-
lar development in these two species.
While Ravelli et_ al. do not report female data in their epidem-
iological investigation, results from the present study in rats in-
dicate that major sex differences exist in this species, in body
weight and adiposity changes induced by early gestational under-
nutrition. In the present investigation body weights were elevated
in experimental male, but not female, animals maintained on the
chow diet in Experiments I and III. In all three experiments, body
weight gains were accelerated significantly more in male experimental,
but not female experimental rats when animals were placed on a high-
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fat diet. Similarly, percent carcass lipid was increased in ex-
perimental male, but not experimental female animals maintained on
a high-fat diet. Sex differences were also evident in the gonadal
and retroperitoneal fat pads. Fat pad weights were significantly
increased in all three experiments, in experimental male, but not
experimental female, animals maintained on a high-fat diet. It is
interesting that the existence of similar sex differences in adult
humans is frequently cited as evidence for the preeminence of social
factors (differential social pressures toward thinness) in the
development of human obesity (e.g., Gam et al., 1977; Moore et al
.
,
1962: Hejda, 1978)
.
The role of hyperphagia in the development of obesity in ex-
perimental male animals remains unclear. Consistent with body
weight effects reported above, male but not female, experimental
rats overate on the chow diet. Metabolic efficiencies on this diet,
were equivalent across treatment conditions suggesting that the in-
creases in body weight could be accounted for simply in terms of
increased food intake. In contrast, when male experimental rats
in the first two experiments were switched to the high-fat diet,
food intakes approached control levels despite the fact that body
weight and adiposity differences were maximized on this regimen.
The fact that caloric intakes in these experiments did not increase
in male experimental rats whereas body weights, and hence metabolic
efficiencies did, suggests that alterations in energy metabolism,
rather than increased food intake, are primary to the observed
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ex-
adiposity effects. Although male experimental rats in the third
periment did overeat on the high-fat diet, hyperphagia appears not
to have been a necessary precondition to excess adiposity, as these
animals also had significantly elevated metabolic efficiencies.
As noted earlier, a number of studies have demonstrated per-
manent depressions in body weight following full-term gestational
undernutrition (Widdowson and McCance, 1963; Chow and Lee, 1964;
Stephan and Chow, 1968). These depressions are a reflection of def-
icits incurred at the cellular level and are interpreted within the
framework of a "vulnerable periods" hypothesis (Dobbing and Sands,
1971). Thus early undernutrition is viewed as interferring with
mitotic processes (presumably through hormonal intermediates) during
a period of peak proliferative activity thereby inducing permanent
cellular deficits. The effects of early undernutrition on adipose
tissue development are well documented (Knittle and Hirsch, 1968;
Tulp et al., 1979). Permanent deficits in adipocyte number occur
following prenatal or early postnatal undernutrition. Conversely, it
has been suggested that early over-nutrition may lead to increases in
adipocyte number which are resistant to dietary remediation (Brook,
1972; Salans et al., 1973) although these findings have been disputed
(Hager et al.
,
1978)
.
Findings such as those described above have suggested that early
nutritional factors impact on subsequent adiposity strictly through
alterations in cell number. Thus, Faust concludes: ". . . That
while fat cell size may be a function of current nutrition, it is
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not a function of remote nutritional history" (Faust, 1980, p. 315).
Several authors have in fact extended this conclusion to the off-
spring of victims of the Dutch Hungerwinter (Ravelli, et al., 1976;
Kirtland and Gurr, 1979), suggesting that obesity in these indiv-
iduals may be characterized by adipocyte hyperplasia. Results from
the present experiments however demonstrate that early nutritional
factors can influence subsequent adiposity measures strictly through
alterations in the size of individual adipocytes. In all three
experiments, the increased fat pad weights in male experimental
rats on the high-fat diet, were associated strictly with adipocyte
hypertrophy.
The above results suggest that limited gestational under-
nutrition may affect a structural or hormonal intermediary factor
rather than impacting directly on the adipocyte. Alterations in
this factor would later be expressed in positive energy balance
morphologically characterized by increased adipocyte size. In
speculating as to the nature of this nutritionally-induced alter-
ation it must be kept in mind that events occurring in the third
trimester of gestation are of critical importance to the expression
of subsequent body weight effects. If undernutrition extends
through the third trimester, offspring body weights are permanently
lowered. If, on the other hand, mothers are allowed to refeed
during the third trimester, male offspring are obese as adults.
Two possibilities will be considered; first, that the critical dev-
elopmental event (s) for the determination of subsequent adiposity
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re-
occurs in the third trimester and that some aspect of maternal
feeding "organizes" obese male offspring. The second possibility is
that this critical event occurs in the first two trimesters but con-
tinued undernutrition in the third trimester produces additional
deficits which mask its effect.
In considering the first possibility an appropriate starting
point would be a characterization of maternal metabolic responses to
food restriction and subsequent refeeding. Unfortunately these data
are not available in pregnant animals. The metabolic response to re-
feeding is, however, well-defined in non-pregnant animals. The earli-
est reported finding in this regard is that de novo lipogenesis is
extremely low in body adipose tissue (Cahill e_t aJL.
,
1960), and liver
(Masoro et al., 1950) explants of previously undernourished rats.
With refeeding, however, a "rebound" hyperlipogenesis occurs during
which, rates of free fatty acid synthesis may reach 6-7x those of
control animals (Tepperman and Tepperman, 1958; Medes et^ al_.
,
1952).
This hyperlipogenesis has since been linked to overactivity of two
NADPH-linked dehydrogenases (glucose-6-phosphate dehydrogenase and
6 phosphogluconate dehydrogenase) in the hexone monophosphate shunt
(Tepperman and Tepperman, 1958; Szepsei, 1973; Timmers and Knittle,
1980)
.
If we assume that the metabolic response patterns described
above also occur in pregnant rats, then adult male body weights are
directly correlated with maternal lipogenic activity in the third
trimester. Levels of the hormone insulin, appear to form an impor-
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tant component of this lipogenic response. Insulin levels are low
during starvation, but are rapidly increased relative to well-fed
controls upon subsequent refeeding (Szepesi and Berdanier, 1971;
Timmers and Knittle, 1980).
That increased insulin levels during the perinatal period may
also have relevance for subsequent adiposity development has been
suggested by Dorner and Gotz (1972). These authors report that when
male rats were injected with insulin during the perinatal period,
subsequent adult body weight and adiposity measures were elevated.
The mechanisms by which such effects could have been produced are
numerous. We will briefly discuss two possibilities. Dorner (1974)
proposes that the increased adiposity following perinatal insulin
injections results from altered hypothalamic functioning. This
mechanism is attractive for two reasons; First, it is known from
work on the organization of rodent sexual behavior that development
of the hypothalamus is particularly sensitive to hormonal influence
during the perinatal period. Permanent alterations in both behavior
and anatomy result from hormone manipulation at this time (Goy and
McEwen, 1980). Second, in the adult rat disruptions of the hypo-
thalamus are known to have profound effects on energy metabolism.
Included in these effects are alterations in food intake and body
weight (Hetherington and Ranson, 1939), insulin release (Karakash
et_ al
.
,
1977), LPL activity (Lowell e_t al .
,
1980) and heat production
(Myers, 1977).
While altered hypothalamic function may follow perinatal insulin
131
exposure, it is somewhat doubtful that such a mechanism is responsible
for results in the current experiments. In Experiment II, male ex-
perimental animals on the high fat diet displayed neither hyperphagia
nor increased LPL activity yet developed significant obesity charac-
terized by adipocyte hypertrophy.
As discussed earlier, a second mechanism by which increased
perinatal insulin levels might organize subsequent body weight is
by direct action on the fetal pancreas. Thus, inasmuch as maternal
insulin levels are high in the third trimester, increased amounts
of insulin might cross the placenta and enter the fetal circulation
(Gitlin et al
. ,
1965; Josimovitch and Knobil, 1961). McEvoy (1981)
has recently demonstrated that the addition of procine insulin to an
in vitro preparation of day 18(G) fetal rat pancreas, causes hyper-
trophy and hyperplasia of 6 cells but has no effect on a cells.
This positive feedback on fetal pancreatic tissue might then or-
ganize a pancreas which is subsequently hyperresponsive to regulatory
challenges. Such a mechanism might account for the elevated metab-
olic efficiencies in experimental male rats in the current experi-
ments. It is difficult to comprehend, however, how it could effect
differential increases in metabolic efficiency dependent on the
type of diet consumed. Metabolic efficiencies were not elevated in
experimental rats maintained on the chow diet in spite of the fact
that this diet would be expected to maximize insulin release. An-
other problem with this model is that insulin levels are typically
found to be highly correlated with LPL activity in vivo (Cryer et
132
~ '
1976K IE Xiiro studies suggest that insulin has an inductive
effect on LPL (Salaman and Robinson, 1966). Lipoprotein lipase ac-
tivity in the current investigation was unaltered by treatment
suggesting that insulin levels were also within the normal range.
It therefore seems unlikely that excessive pancreatic development
is the mechanism by which these effects are mediated.
In considering the second possibility alluded to earlier in
this discussion (i.e., that the critical event (s) in the development
of subsequent obesity is affected by early gestational undernutrition,
rather than late gestational "rebound" over nutrition) it is appro-
priate to note that of those organ systems investigated thus far,
liver appears to be the most severely impacted by gestational under-
nutrition (Zamenhof and van Marthens, 1978; Wigglesworth, 1964).
In a recent study of the consequences for hepatic development of
gestational exposure to a chemical teratogen, Robbins et_ al. (1977)
injected pregnant rats with a low dose of me thylmercury at different
time points throughout gestation. These authors report that male,
but not female offspring of mothers who were exposed to methyl-
mercury early but not late in gestation, suffered an adult-onset
depression of the hepatic cytochrome P-450-dependent monooxygenase
system.
The significance of this finding is that metabolism by this
pathway had previously been shown to be energetically wasteful. Use
of this pathway in metabolizing a variety of substrates results in
oxidation of the coenzyme NADPH. The energy released as a by-product
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of this oxidation is then dissipated as heat (Piro la and Lieber,
1972).
A recent study by Litterst (1980) has demonstrated decreased
activity of the monooxygenase system in vitro, in Uver explants of
Zucker fatty (fa/fa) rats. Similar decreases in the activity of
this system have been reported in genetically obese (ob/ob) mice
(Dorsey and Smith, 1981). Conversely, it has been shown that inducers
of the cytochrome P-450 system produce impaired weight gains in rats
(Pirola and Lieber, 1975).
The possibility is thus raised that early gestational under-
nutrition has a teratogenic effect on hepatic development similar to
that of early gestational methylmercury treatment. The advantage
to this model is that it produces a delayed-onset obesity and increased
metabolic efficiency in male but not female offspring. If this model
is to stand, however, a number of questions must first be answered.
For example: Why does extending the period of gestational under-
nutrition through the third trimester mask these effects?, and How
is the positive energy balance, established through deficits in this
pathway, translated into adipocyte hypertrophy without affecting
either LPL activity or circulating triglyceride levels.
Although a number of possible answers exist to each of these
questions further speculation in the absence of more data seems un-
warranted. The precise mechanisms for the effects described in this
dissertation remains obscure. We have described several potential
mechanisms, taking into account the impact of gestational under-
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nutrition on the developing fetus and its implications for sub-
sequent body weight regulation. For various reasons, none of
these models is entirely satisfactory.
In summary, a new model of animal obesity which follows ges-
tational undernutrition limited to the first two trimesters of
pregnancy has been described. Sex differences have been noted
in that male offspring appear to be more susceptible to this man-
ipulation than do their female counterparts. We have also noted that
the effect is, to a considerable degree, diet-dependent. Body weight
effects are maximized and adiposity and metabolic efficiency differences
appear exclusively when rats are fed a high-fat diet. Further, this
increased adiposity is characterized by adipocyte hypertrophy with
little or no change occurring in cell number. Results from this
investigation in rats parallel those of an earlier epidemiological
study in humans suggesting that these findings may be relevant to the
discussion of ontogenetic factors in human obesity.
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FOOTNOTES
Serum triglyceride and glycerol levels were generously assayed
by Jay Alexander and Joan Hamilton.
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